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Scope and outline of the thesis 
 
Global greenhouse gas emissions increased drastically the last century. Therefore, the ‘United 
Nations Framework Convention on Climate Change’ launched the Kyoto Protocol which 
became operative last February (2005). This protocol aims at reducing emissions from fossil 
fuel and at enhancing C sequestration in terrestrial ecosystems in the well developed 
industrial countries (the so called Annex-I countries). Within the commitment period ‘2008-
2012’, Annex-I countries have to reduce their overall greenhouse gas emissions by 5% 
compared to the greenhouse gas emissions of the reference year 1990. Specifically for 
Belgium, this comes down to a reduction of 7.5%. Especially Article 3.3 and 3.4 of the Kyoto 
Protocol are important for enhancing storage of atmospheric CO2 in terrestrial ecosystems. 
For grassland ecosystems, Article 3.4 is of importance. This article allows net changes in 
greenhouse gas emissions through additional human induced activities in agricultural soils, 
forest management and revegetation. To report additional C sequestration in grassland soils 
against the 1990 level, knowledge of organic carbon (OC) stocks in the soils should be 
available. In Flanders, no such data are available concerning OC stocks in grasslands, verges 
and urban areas for the Kyoto reference year. Also, there is no insight in the possibilities of 
Article 3.4 for helping to obtain the emission reduction imposed through the ratification of the 
Kyoto Protocol.  
Therefore, first of all, past and current OC stocks in different grassland ecosystems were 
calculated. Further more, the influence of various management practices on the OC content in 
the soil and their possibilities for C sequestration was investigated. By the use of an 
experimental field, C sequestration rates for the conversion from cropland to grassland under 
a range of management treatments were calculated.  
 
Chapter 1 is an introductory chapter which gives an overview of the literature concerning the 
different factors influencing OC contents and C sequestration in grassland soils. The effect of 
soil texture, management applied, use of fertilisation, the cultivation history of the soils and 
finally possible responses of grassland species to rising CO2, is described in this first chapter.  
 
The influence of applied management on the SOC stock in Flemish agricultural and natural 
grasslands was studied in Chapter 2. This was done through intensive soil sampling on 
different grasslands and in different regions. Also their potential for C sequestration is 
considered. Bulk density was also measured and formula to predict bulk density from organic 
matter contents, were developed. The results were calculated according to different 
approaches and the outcomes are discussed. Finally, the possibilities of Near Infrared 
Reflectance Spectrometry (NIRS) for routine analysis for SOC concentration determination, 
was examined. 
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In Chapter 3, soil organic carbon (SOC) stocks for agricultural grasslands for the years 1990 
and 2000 were calculated to a depth of 6 cm and 1 m. Also, SOC stocks for natural grassland, 
grass-covered verges (roads, water- and railways) and grass-covered urban areas were 
determined. In addition, the problems arising when extrapolating data from surface layers to 
greater depths were discussed. 
 
In chapter 4, the results from a field experiment on three locations and with different 
management activities are discussed. By this experiment, it was possible to investigate the 
influence of management activities and soil type on biomass and SOC accumulation. 
Although changes in SOC due to management changes require long-term experiments, this 
study already shows some trends.  
 
Finally, conclusions and perspectives arising from this thesis are formulated. A summary, 
both in English and Dutch, is given.
 
 
 
CHAPTER 1 
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Chapter 1: Grassland carbon in context: state-of-the-art 
 
1.1. Introduction 
 
1.1.1. The Kyoto Protocol and grasslands 
 
The current atmospheric CO2 concentration (368 ppm) has not been this high since a long 
time (IPCC, 2001). Furthermore, the concentration of other greenhouse gases such as CH4 and 
N2O has importantly increased the last century. This increase is mainly due to the use of fossil 
fuel, to industrial activities, deforestation and a changing land use. From the total 
anthropogenic CO2 emissions, 50% is retained in the atmosphere, while the remaining 50% is 
taken up by oceans and terrestrial surface (Dolman, 2000). 
Carbon dioxide emission and absorption is a worldwide problem. Therefore, some 
international organizations were launched. The ‘Intergovernmental Panel on Climate Change’ 
(IPCC) links research and policy. Research is coordinated by the ‘World Climate Research 
Program’ (WCRP) and the ‘International Geosphere-Biosphere Program’ (IGBP). In 1997, 
174 countries that have ratified the ‘United Nations Convention on Climate Change’ 
(UNFCCC, 1997) agreed to the Kyoto Protocol aiming to reduce fossil fuel emissions and to 
enhance C sequestration in terrestrial ecosystems in industrial countries. The Kyoto Protocol 
determines emission reductions for a basket of 6 greenhouse gases (CO2, CH4, N2O, SF6, 
HFC’s and PFC’s). During the first commitment period (2008-2012), the European Union has 
to reduce their overall greenhouse gas emissions by 8% compared to the 1990 level 
(baseline). For Belgium, this resulted in a reduction of 7.5% compared to the greenhouse gas 
emissions of 1990. To achieve these targets, Belgium already launched a few proposals. In 
2000, the Belgian Government developed ‘The Belgian Federal Plan for Sustainable 
Development 2000-2003’, which determines federal measures, such as CO2 taxes, rational 
energy use, etc., to reach the emission reductions of the Kyoto Protocol. The Flemish 
Government ratified the ‘Flemish Climate Policy Plan (2002-2005)’ that tries to stabilize the 
emissions to the level of 1990. Next to the reduction of greenhouse gas emissions, countries 
can also reach their targets through enhancing C sequestration in the soil and by trading C 
credits. Especially Article 3.3 and Article 3.4 of the Kyoto Protocol are important with respect 
to the enhancement of C sequestration in terrestrial ecosystems. Article 3.3 allows net 
changes in greenhouse gas emissions through changes in land use, more specific by 
deforestation, reforestation and afforestation. Article 3.4 allows net changes in greenhouse gas 
emissions through additional human induced activities in agricultural soils, forest 
management and revegetation. Soil C sequestration in croplands, grazing lands, in managed 
forests and in land subject to revegetation is included under the Article 3.4. According to the 
Marrakesh agreement, these management options need to be reported on a net-net basis (net 
emissions during the commitment period will be compared to net emissions during the 
baseline year). Under this form of accounting, a C credit will arise if a country reduces a 
Chapter 1 
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source, even though a sink has not been created. In this aspect, decreasing a source is creating 
a sink (Smith, 2004b). 
Anyhow, it is clear that no single land use change on its own can reach the reduction targets 
as required by the Kyoto Protocol. It has to be a combination of different management 
strategies. Moreover, the key factor in reaching the obligations of Europe to the Kyoto 
Protocol is the reduction of the CO2 emissions (Smith et al., 2000b). Nevertheless, the role of 
grasslands to play a role in reaching the Kyoto targets through C sequestration in the soil can 
be considerable. 
Grasslands cover 32% of the total terrestrial area (15120 Mha) and possess 10-30% of the soil 
C worldwide (IPCC, 2001). The largest amount of C within a grassland ecosystem is 
sequestered in the soil where the turnover of plant material is relatively slow (IPCC, 2001). 
Nowadays, grasslands have different functions: 
i) habitat for fauna and flora; 
ii) food resource; 
iii) source of biodiversity; 
iv) protection and conservation of soil and water resources and; 
v) social and cultural role. 
Since 1990, 3 Mha of permanent grassland disappeared in the EU-15 due to a strong increase 
in the production area of maize and a decline in livestock due to the introduction of the milk 
quota in 1984 (ECCP, 2003). 
Comparing the total surface of grasslands in Flanders (231450 ha in 2000) to the total surface 
of cropland (353685 ha) and of forests (146381 ha), it becomes clear that their share is not 
negligible (National Institute for Statistics, 2001). The data from the ‘Intergovernmental Panel 
on Climate Change’ (Table 1.1.) clearly illustrate that, in both grasslands and croplands, soil 
is the most important C pool. Forests have a larger aboveground C pool because their 
aboveground biomass is long living vegetation and can sequester large amounts of C during 
decades. For grasslands, the aboveground biomass is less important for C sequestration 
because it is replaced every year and so, can not hold large amounts of C for long periods of 
time. But, belowground, grasslands contain much more C than cropland (Cook & Baker, 
1983; Batjes, 1999; Houghton et al., 1999; Potter et al., 1999; Römkens et al., 1999; 
Pulleman et al. 2000; IPCC, 2001; Lobe et al., 2001; Vleeshouwer & Verhagen, 2002). 
 
 
Table 1.1. Carbon contents (t C ha-1) recalculated from IPCC (2001) 
 
 
 
 Total C (vegetation + soil) Soil C content Share of the vegetation in the total C pool 
Temperate Forests 153 96 59% 
Temperate Grasslands  243  236 3% 
Croplands (global) 82 80 2% 
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1.1.2. Soil organic matter 
 
Soil organic matter has a very heterogenic composition, consisting half of decomposed plant, 
animal and microbial litter next to numerous complex organic substances (Hassink et al., 
1993; Hassink, 1995). 
Organic matter (OM) in the soil enhances the physical and chemical characteristics of a soil 
and enhances the general soil fertility. An increase in the OM content has a lot of advantages 
for the soil such as 1) increase in cation exchange capacity; 2) improvement of soil structure 
(more stable soil aggregates); 3) better water holding capacity; 4) enhancement of growing 
conditions for soil fauna and flora and 5) construction of a nutrient buffer.  
Organic matter needs to be decomposed by micro organisms (such as bacteria, fungi and 
actinomycetes) to allow plants to use the nutrients available in the organic matter. Soil 
organic matter with a low C/N ratio decomposes faster than SOM with a relatively high C/N 
ratio. The rate of decomposition is dependent on soil temperature, soil moisture and on the 
type of plant material. 
Root biomass is the main source of C in soil and decomposition of this biomass is the start of 
the soil organic matter (SOM). Besides, C in SOM can also be derived from easily 
decomposable root substances (exudates, tissue…), from aboveground plant material and 
from micro organisms. It is the combination of root biomass, root decomposition and 
rhizodeposition which determines the total C input into the soil (Van Kessel et al., 2000b). 
More than 70-90% of the root biomass in grasslands is found in the upper 30 cm of the soil 
(Behaeghe, 1979; Iantcheva et al., 2004). As a consequence the largest amounts of soil 
organic carbon (SOC) are found in this layer. 
 
In grasslands, many different parameters determine the quantity and quality of SOM: 
1. soil texture; 
2. management applied; 
3. application of N fertilisers; 
4. species composition (e.g. with or without clover); 
5. cultivation history of the soil;  
6. responses of plant/soil system to elevated CO2 concentrations; indeed, higher CO2 
concentrations are predicted in the future, so on the long run it will also be necessary 
to take elevated CO2 concentrations into account. 
 
 
1.2. Soil texture and C sequestration 
 
The extent to which soils may sequester C in long turnover pools depends on management 
activities, on land use and on soil type. The protection capacity of the soil depends on its clay 
content (Hassink et al., 1993). So, the soil can protect a certain amount of organic matter 
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against further decomposition. Two mechanisms could be responsible for this. First, bonds 
and coating by clay and silt particles. Clay and silt particles are electro statically loaded soil 
particles and can bind and coat organic matter due to their charge. Second, is the enclosure in 
small pores (clayey soils: pores smaller than 10 µm not connected with each other; sandy 
soils: pores up to 150 µm and connected). It was shown (Hassink et al., 1993) that organic 
matter in sandy soils can only be protected by a bond to clay and silt particles while in clayey 
soils, there is also protection in the small pores. How much organic matter a soil can protect 
has never been assessed but it is assumed that old, stable grasslands approach the maximum 
(Hassink et al., 1993). Hassink (1995) also established that the more the surface of clay and 
silt particles is coated with organic matter, the less chance new organic matter has to bind to 
clay and silt particles meaning less protection against decomposition.  
A fractionation procedure, including determination of the natural abundance of the δ13C signal 
of the fractions proved that most organic C is found in the silt and clay fraction of the soil 
(Van Kessel et al., 2000b; Gerzabek et al., 2001; Accoe et al., 2003). The organic carbon 
associated with the clay and silt fraction is more stable than with the sand fraction. The 
organic carbon in the sand fraction is younger, less decomposed and its δ13C values changed 
more than those of the silt and clay fraction (more labile C in the sand fraction, more stable C 
in clay and silt fraction of the soil). Van Kessel et al. (2000b), Gerzabek et al. (2001) and 
Accoe et al. (2003) concluded that the C status in sand sized fractions can be useful as an 
indicator of changes in soil C in response to land use change and management. Similar results 
were obtained by Lobe et al. (2001). 
 
 
1.3. Effect of management 
 
Carbon accumulation in grassland ecosystems occurs mainly belowground and changes in the 
SOC stock may result from land use changes and grassland management. With respect to C 
storage in the soil, it is of great importance that correct management treatments are applied on 
grasslands and that the manageability of C stocks is studied.  
Management options for C sequestration should be chosen based on the knowledge of C 
stocks, land use, different management treatments and cultivation period. Recommendable 
management options for building up C stocks in soils are those that increase the input of 
organic material in the soil and/or decrease the rates of its decomposition. In particular, 
‘improved management’ of agricultural soils and conservation/restoration of adjacent lands 
are options to increase the existing soil C stocks (Batjes, 2000). 
Human disturbance, land cultivation and mismanagement in past and present caused soil 
degradation. The SOC contents in many agricultural soils are now far below their potential 
levels (Paustian et al., 1997). This indicates that these degraded soils have a great potential to 
sequester C via good management. Especially for croplands and grasslands, the possibilities 
are considerable because there are a number of very effective management options. Soil C 
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sinks created through appropriate C sequestration activities are definite and will only continue 
for as long as appropriate management practices are maintained (Figure 1.1.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.1. Rate of C gain (after IPCC, 2001) 
 
Hassink & Neeteson (1991) showed that after 4 years the amounts of C were considerably 
higher under grazing than under mowing. Schuman et al. (1999) investigated the impact of 
grazing management on the C of mixed grassland. The total soil C was significantly lower in 
the exclosure than in either the lightly or heavily grazed treatments, but the effect was limited 
to the 0-30 cm zone where >90% of the root biomass exists in these ecosystems. Van den Pol 
Van Dasselaar & Lantinga (1995) used their CCGRASS model for permanent grassland on a 
young sedimentary loamy soil in The Netherlands and found that the amount of soil C was 
considerably higher under grazing than under mowing. Different models have been made for 
simulating management treatments and their impact on SOM levels and C sequestration 
(Table 1.2.). 
  
Table 1.2. Models to simulate fluxes of C and N under different management and/or climate change 
 
 
 
 
Model Description Management Comments Reference 
     
CENTURY MODEL A model of grasslands and cropland ecosystems which can simulate the Grazing, fire, Widely used, can be used for croplands,  Parton et al. (1987), 
 effects of climatic change. The model includes the effects of  harvest, grasslands, forests and also for studying  Schimel et al. (1990), 
 management and soil on plant properties over long periods of time cultivation, … long term effects of climate change and Ojima et al. (1993), 
 (ca. 50-200 yr.). The model simulates primary productivity, soil nutrient  it is very good in predicting SOM C  Parton et al. (1995) and 
 dynamics (C, N, P and S) and soil water but focuses on changes in SOM.  dynamics. Kelly et al. (1997) 
     
CCGRASS  Evaluates the long term effects of different management strategies and  Grazing and Suited for studying the influence of Van den Pol Van Dasselaar 
(C Cycle Grassland) various environmental conditions on carbon sequestration in the soil. mowing management treatments and  & Lantinga (1995) 
   environmental conditions on soil and plant.  
     
Hurley Pasture Model Simulates the fluxes of C, N and water in a grazed soil-pasture- Grazing Suited for the study of grass-soil-animal Thornley et al. (1991) and 
 atmosphere system , coupling of the C and N fluxes, modulation of all  interaction. Thornley & Cannell (1997) 
 soil and plant biochemical processes by temperature and water status    
 and inclusion of grazing animals.    
     
Model for Soil  Organic A mathematical model developed to describe carbon and nitrogen cycling - Many parameters are required but this Verberne et al. (1990) 
Matter  Dynamics in different types of soil (e.g. clayey and sandy soils)  model can be used for soils under   
   different ecosystems  
     
A Dynamic Carbon Model which calculates the organic build-up in the soil as atmospheric - Model can be run over long time periods.  van Ginkel et al. (1999) 
Model CO2 rises from ambient (350 ppm) to 700 ppm  Different scenarios can be worked out with  
   this model.  
     
CESAR     Model to calculate C fluxes from agricultural soils and includes  - This model is appropriate for large-scale  Vleeshouwer & Verhagen (2002) 
(Carbon Emission and agricultural land use,  the effects of crops (species, yield, rotation),  calculations where input data are limited  
Sequestration by  soil (C content and water retention capacity) and climate (temperature,  and need to be averaged over a large area  
Agricultural Land Use) rainfall, evapotranspiration)    
     
PaSim (grassland Model can be used to simulate above- and belowground dry matter Grazing and  The model can also be applied for either  Soussana et al. (2004a) 
ecosystem model) Production of a perennial sward in relationship to fluxes of C, N, water mowing Grazing or cutting regimes  
 and energy    
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It is clear that management of grassland ecosystems will influence the distribution and losses 
of C within and from the plants. Kuikman (1996) claims that, if frequent cutting results in 
translocation of C from the roots to the shoots, there will be less C present belowground and 
one would expect that on the long term, there will also be less C stored belowground. In the 
study of Wolf & Janssen (1991), in mown grasslands 40% of the total dry matter was 
distributed to the roots and the stubble residues, whereas for grazed grasslands, 47% of the 
total dry matter was distributed to roots and stubble residues.  
Grasslands could certainly contribute to C sequestration in soils of the world via an 
appropriate management. In undisturbed natural ecosystems, there is equilibrium for the SOC 
and SOM content. This can be seen as a maximum that is realizable in these ecosystems and it 
also shows which amount of C can still be sequestered in some soils. The cultivation of 
cropland to grassland can especially contribute to mitigation of atmospheric CO2 
concentration. Batjes (1999) published a very complete overview of management options 
suitable for C sequestration. However, which management option chosen, C sequestration can 
not be viewed in isolation from other environmental, social and economical needs. 
 
 
1.4. Effect of N fertilisation 
 
For several decades the use of fertilisers showed a positive effect on yield of crops. In 
grasslands, the use of N fertiliser is common. Some researchers suggest that N fertilisation 
increases C sequestration in the soil but N fertilisation has also a disadvantageous effect on 
vegetation and environment.  
The most pronounced influence of N fertilisation on vegetation is the increase in production, 
changes in species composition and losses in biodiversity. Wedin & Tilman (1996) found that 
vegetation changed from C4 to C3 species with increasing N input. Cotrufo & Gorissen (1997) 
concluded that there was an increasing C input via root derived material from plants growing 
on high CO2 concentration and that the stimulation was stronger at low N than at high N 
application rates. Another experiment showed that the C/N ratio of organic matter of 
unfertilised mown plots was significantly higher than the mown plots that received N 
fertilisation (Hassink & Neeteson, 1991). The organic matter with higher C/N ratio is more 
resistant, does not decompose very fast and will be part of the stable organic matter pool 
which is important for C sequestration. This was also found by Loiseau & Soussana (1999). 
Studies do not agree on the effect of N fertiliser application on the SOC pool led to divergent 
(Table 1.3. and 1.4.). Hassink & Neeteson (1991), Nyborg et al. (1997), Bélanger et al. (1999) 
and Van Kessel et al. (2000a) found no clear effect; whereas Cotrufo & Gorissen (1997), van 
Ginkel et al. (1997) and Loiseau & Soussana (1999) concluded that sequestration of C in soil 
is highest for high N fertiliser supply. This is in agreement with the study of Kuikman (1996) 
who found that when N fertilisation is reduced, the total C input via the roots will be reduced 
within a few years for a clayey, clayey on peat and a sandy soil in The Netherlands.  
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Often, models (Table 1.2.) are used to simulate the effects of N fertilisation on C 
sequestration or on nutrient fluxes in the soil. Thornley et al. (1991) used the Hurley Pasture 
Model to simulate the total quantities of C sequestered under various environmental 
scenarios. With higher N deposition levels, more C is stored. Large amounts are sequestered 
with high N deposition. The authors concluded that N fertilisation increased the growth rates 
of plants and the production of above and belowground litter, causing more C to be stored in 
vegetation and SOM. 
Nitrogen fertilisation may increase C sequestration but it also increases the emission of 
anthropogenic N2O from soil. More important is that N2O has a global warming potential per 
molecule of 320 relative to CO2. The long-term impact of increased organic matter processing 
on soil-atmosphere exchange of N2O, CH4 and NOx is not yet clear because there is still lack 
of understanding of the relative effects on N mineralization, immobilisation and nitrification 
of N species (Mosier, 1998). It should be considered which management treatments should be 
applied, because some of these treatments could mean an increase in loss of N2O, CH4 and 
NOx. These greenhouse gases have a very high global warming potential per molecule relative 
to CO2 and this could mean that all efforts made to reduce the atmospheric CO2 concentration, 
will be undone. Also Smith et al. (2000a) showed that as much as one half of the climate 
mitigation options could be lost when increased emissions of other greenhouse gases (N2O 
and CH4) are included. 
 
 
  
Table 1.3. C sequestration under different N fertiliser application rates and/or elevated CO2 concentrations 
Soil type Treatment Plants N fertilisation application Result Conclusion Reference 
   kg N ha-1 stock (t C ha-1)   
Sandy soil (0-25 cm) Mowing Grass  0  93.38  Under mowing as well as under grazing, the Hassink & 
   250 88.93 level of fertilisation had no clear effect on the Neeteson (1991) 
   400 87.42 amount of organic C present in the soil.  
   550 90.07   
   700 92.50   
 Grazing  250 97.63   
   400 108.51   
   550 98.19   
   700 110.90   
Loamy soil (0-25 cm) Mowing  0 59.18   
   250 55.62   
   400 53.47   
   550 51.67   
   700 58.11   
 Grazing  250 63.31   
   400 61.54   
   550 65.73   
   700 64.08   
       
Loamy sand soil Labelling with 14CO2 at two   2 nitrogen regimes (N kg ha-1) Net 14C recovery in total  Highest values for a CO2 induced C input in Cotrufo & Gorissen 
 CO2  concentrations in    ecosystems (average from  the soils with the highest fertilisation (1997) 
 phytotrons:   2 harvests) in g C   
 350 ppm  8    
  Lolium perenne L.  0.472   
  Agrostis capillaris L. 0.291   
  Festuca ovina L.  0.206   
   278    
  Lolium perenne L.  1.881   
  Agrostis capillaris L. 1.554   
  Festuca ovina L.  0.869   
 700 ppm   8    
  Lolium perenne L.  0.578   
  Agrostis capillaris L. 0.362   
  Festuca ovina L.  0.293   
   278    
  Lolium perenne L.  2.073   
  Agrostis capillaris L. 1.473   
  Festuca ovina L.  0.984   
       
       
  
Soil type Treatment Plants N fertilisation application Result Conclusion Reference 
       
Loam hayed Dominant grasses:   Total C in soil: The differences between the treatments were   Nyborg et al. 
(Canada ) 0-37.5 cm  Bromus inermis,  0 (no N, no S) 120 t C ha-1  not statistically significant but indirect  (1997) 
  Agrostis scabra and 112 kg N ha-1yr-1 113 t C ha-1 evidence suggests that there can be an ↑ in  
  an array of herbs 11.2 kg S ha-1yr-1 121 t C m-1 soil C storage of 8 Mg C/ha for the N+S   
   112 and 11.2 kg S ha-1yr-1 128 t C ha-1 application over 11 years (1981-1991).  
       
Sandy loam    Net C input/ha Higher net soil C input on higher N supplies    van Ginkel et al. 
 350 ppm Lolium perenne L.  44.3 mg N column-1 0.81 t C ha-1  than on lower supplies and also higher net  (1997) 
   122.9 mg N column-1 1.66 t C ha-1 soil C on higher [CO2] than on lower 
 700 ppm  44.3 mg N column-1 1.79 t C m-1 concentrations.  
    122.9 mg N column-1 2.72 t C m-1   
       
Well-drained 
Fredericton loam Various N, P and K application Phleum pratense L. 0, 180, 90 and 270 (N) See Table 1.4 The increased above ground net production Bélanger et al. 
( Canada) 0-15 cm rates were used    through fertilisation application (N, P and K)  (1999) 
     did not result in higher soil C concentrations  
       
       
Loamy soil (0-45 cm) Elevated [CO2] (700 ppm) Lolium perenne L.  160 and 530 kg N ha-1yr-1 530 kg N ha-1yr-1 supply: There is a stimulation of the below ground C Loiseau & 
  Sward   for ↑ inorganic N supplies. As a result, the Soussana (1999) 
    1.stimulation of the accu- sequestration of C below ground is maximal  
    mulation of the non harves- for high N fertilisation supply in ↑ CO2.  
    ted plant phytomass and   
    to OM between 2-50 µm   
    2. no positive effect on   
    OM > 200 µm   
    3. supplemental average    
    accumulation of + 0.8 t C    
    ha-1for the OM fractions >    
    50 µm (↑ CO2 led to an ↑ C   
    accumulation of + 2.1 t C ha-1)  
 
 
 
Chapter 1 
 
 15
Table 1.4. The effect of various N, P and K application rates (kg ha-1) on soil C percentage 
(from Bélanger et al., 1999) 
Soil C concentration 
N P K 1986 1995 
0 0 0 3.46 3.37 
0 15 47 2.84 3.03 
0 44 141 2.77 2.99 
90 0 0 2.75 2.63 
90 15 47 2.93 2.73 
90 44 141 3.22 3.03 
180 0 0 2.84 2.94 
180 15 47 2.71 2.75 
180 44 141 2.46 2.88 
270 0 0 3.75 4.35 
270 15 47 3.34 3.64 
270 44 141 3.37 3.48 
 
 
1.5. Clover and C sequestration 
 
In temperate regions, clover is often sown in combination with perennial ryegrass. In these 
regions, Trifolium repens is often used as biological fertiliser due to its symbiotic N2 fixation. 
A few studies have already been performed in order to gain insight into the role of Trifolium 
repens on C sequestration.  
Elgersma & Hassink (1997) showed that the input of C was similar under a grass-monoculture 
as under a grass-clover mixture. However, there was a higher aboveground production under 
grass-clover than under grass monoculture. But, a higher aboveground productivity does not 
necessarily mean that the amount of incorporated organic matter in the soil also increases. 
Elgersma & Hassink (1997) measured 0.017 and 0.016 g C kg-1soil (total organic carbon) for a 
grass monoculture and for a grass/clover mixture respectively, in the top 10 cm. 
Mytton et al. (1993) showed that clover improves the soil structure significantly but there was 
no significant difference between the organic content of the soil samples of pure clover, pure 
grass and the grass/clover swards both under high (120 kg N ha-1 yr-1) and low (20 kg N ha-1 
yr-1) N fertilisation level. The average dry weight in pure clover swards and in the 
grass/clover mixtures was also similar on both N levels. 
 
1.6. Cultivation of soils 
 
Historically, soils have lost between 40 and 90 Pg C globally through cultivation and 
disturbance of the soil (Smith, 2004b). Large and rapid changes in SOC with cultivation 
indicate that there is considerable potential to enhance the rate of C sequestration in soils with 
management activities that counteract the effects of cultivation (Post & Kwon, 2000). This 
potential for C sequestration is proportional to the original reserves present in undisturbed 
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conditions (Batjes, 2000). To recover the organic matter content in the soil, a period of 
constant management is required after each disturbance in order to reach a new steady-state. 
This may take 10-50 years or more for SOC. Therefore, the litter inputs have to exceed the 
decomposition so that the organic C content in the soil will gradually increase towards a new 
steady-state. This new equilibrium may be lower, similar or higher than the original 
equilibrium (Figure 1.2.). If the appropriate management or land use is stopped or reversed, 
the sequestered C will be lost, usually more rapidly than it was accumulated (Figure 1.1.). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. Conceptual model changes in ecosystem C stocks following disturbance or 
degradation, and mitigation through reclamation: A) stabilization at lower stocks than 
original, B) stabilization at original stocks, and C) stabilization at higher stocks (after 
Johnson, 1995) 
 
In grasslands, the soil is the most important C pool and therefore, we should focus on the 
importance of the soil as a future sink for C. In the past, few studies have investigated the 
possibilities of C accumulation when cultivated soils are restored to their original state. Post 
& Kwon (2000) calculated average accumulation rates for forest or grassland establishment 
from cropland of respectively 0.338 t C ha-1 yr-1 and 0.332 t C ha-1 yr-1. Soussana et al. 
(2004a) concluded that converting grassland to forest can lead to an accumulation or to a 
release of soil C depending on the conditions. But Guo & Gifford (2002) found a soil C stock 
increase with 8% after land use change from native forest to pasture. Schlesinger (1996) noted 
that the loss of C from soil profiles on cultivation is often >30% over a 20 to 50 years interval 
and occurs mainly in the surface layers although a large amount of soil C occurs in the lower 
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parts of the profile and shows little change. Converting grassland to cropland leads to large 
and rapid changes. Guo & Gifford (2002) concluded after their meta-analysis calculations that 
the SOC content decreases with 59% after converting grassland to cropland but increases with 
only 19% in the opposite direction (Figure 1.3.). These great losses in SOC with conversion to 
cropland are confirmed in other studies (Tiessen et al., 1982; Potter et al., 1999; Römkens et 
al., 1999; Kuzyakov et al., 2000 and 2001, Lobe et al., 2001). When croplands and degraded 
lands are restored to grasslands, the soil will eventually approach a new equilibrium after 
reestablishment of grass vegetation that is similar to the original one. From the study of Potter 
et al. (1999), it was clear that the OC mass in restored grasslands was always intermediate 
between agricultural soils and native grassland soils. On the other hand, Elgersma & Hassink 
(1997) found no significant difference in soil C with conversion of cropland to grassland. 
However, SOC is likely to increase when cultivated soil is planted with permanent grasses or 
has a management for high grass productivity (Post & Kwon, 2000). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Soil responses to various land use changes (95% confidence intervals are shown 
and numbers of observations are in parentheses) (after Gou & Gifford, 2002) 
 
Keller & Goldstein (1998) used the GLOCO model and based on their model output, they 
concluded that converting degraded pasture and agricultural land to woodlands or grasslands 
results in a net annual storage in the terrestrial biosphere of about 30 t C ha-1 converted per 
year. The CESAR model (Vleeshouwer & Verhagen, 2002) calculated an average C flux 
under a business as usual scenario for the commitment period 2008-2012 for grasslands of 
+0.52 t C ha-1 yr-1 and for arable land of –0.84 t C ha-1 yr-1. These results show that arable 
fields are C sources and that the majority of grasslands are C sinks. For the conversion of 
Chapter 1 
 
 18
arable land to grassland, they found an average flux of +1.44 t C ha-1 yr-1. They concluded that 
the conversion of arable land in grassland is the most effective C mitigation option. Batjes 
(2000) indicates that exploratory scenarios have shown that 14 ± 7 Pg C may be sequestered 
worldwide over the next 25 years if the degraded and non-degraded agricultural lands are 
restored and/or submitted to an improved management of croplands and rehabilitation of 
degraded lands.  
The amount of SOM in grasslands is much higher than in arable land which can partly be 
explained by the fact that the amount of root and stubble residue production under grassland 
is much larger than on arable land. The reasons for the enormous losses with conversion are 
(i) that crops have a smaller allocation of C to belowground parts, (ii) crops have a shorter 
growing period (possibility for C allocation is also smaller), (iii) there is no plant litter that 
stays at the soil surface and (iv) there has been a selection for a higher yield aboveground. In 
addition, repeated disturbance of the soil through mechanical cultivation speeds up the rate of 
decomposition of litter within the soil and reduces the physical protection of organic matter. 
In that way, more carbon is available for micro-organisms which release it as CO2 to the 
atmosphere. All of these lead to a decline in SOM (Scholes et al., 1999).  
However, cultivation did not always lead to C losses if the management is appropriate. The 
management options to maintain or to increase the amounts of SOC, with restoration of 
degraded soils and agricultural soils, are well known and generally accepted. The most 
important management options are undoubtedly those which increase the Net Ecosystem 
Production, increase the SOM and which restore marginal agricultural land to its original state 
(Keller & Goldstein, 1998). Also a combination of tillage methods, residue management, crop 
selection and rotation, soil fertility and nutrient management, erosion control and water 
management will increase the SOM content (Batjes, 2000). 
 
 
1.7. Responses of the plant/soil system to elevated CO2 concentration 
1.7.1. Plant responses 
1.7.1.1. Grasses 
The aboveground production of grasses is assumed to increase under elevated CO2 but 
different studies show that this effect is not always clear. An increase in the aboveground dry 
matter production under elevated CO2 was found for Lolium perenne by Gorissen (1996), 
Schenk et al. (1997a) and Jongen & Jones (1998). An unaffected aboveground biomass for 
perennial ryegrass under elevated CO2 was found by van Ginkel et al. (1997) and by Van 
Kessel et al. (2000a) and according to the latter ones this could be due to i) the deficiency of a 
strong sink for C or the impossibility to produce more shoots, ii) the photosynthetic apparatus 
of Lolium perenne is already nearly saturated for the current CO2 concentration and iii) 
competition for above and belowground sources could also play a role in the strength of the C 
sink. Schenk et al. (1997b) found in another study that the aboveground ryegrass biomass 
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varied between a decrease (-33 %) and an increase (+9 %) under doubled CO2 concentrations 
depending on the N supply, the mixture and the year. Also, there was an increase in 
aboveground dry matter production found for Holcus lanatus (Jongen & Jones, 1998), for 
Cynosurus cristatus (Jongen & Jones, 1998), for Festuca rubra (Saebø & Mortensen, 1996), 
for Agrostis capillaris (Jongen & Jones, 1998) and for tall prairie grass (Owensby, 1993). But, 
Saebø & Mortensen (1996) found a decreasing aboveground dry matter production for 
Agrostis capillaris. A non-significantly affected aboveground biomass production was found 
for Poa pratensis, Dactylis glomerata, Festuca arundinaceae, Festuca duruiscula and 
Festuca pratensis (Saebø & Mortensen, 1996). 
The root biomass was also enhanced under elevated CO2 concentrations for Lolium perenne 
(Ross et al., 1995; Gorissen, 1996; van Ginkel et al., 1997; Van Kessel et al., 2000a). Also an 
increase in the belowground biomass was found for a Festuca and Juncus sward (Fitter et al., 
1996 and 1997), for Festuca arundinacea (Gorissen, 1996) and for tall prairie grasses 
(Owensby, 1993). 
 
1.7.1.2. Clover 
Stimulation of symbiotic N2 fixation in Trifolium repens under elevated CO2 was found by 
Zanetti et al. (1996), Nitschelm et al. (1997) and Zanetti & Hartwig (1997). Nitschelm et al. 
(1997) and Van Kessel et al. (2000a) found an increase in the aboveground production of 
Trifolium repens under elevated CO2 and a smaller reaction of the belowground biomass. No 
significant effect of increasing CO2 concentration on the biomass of Trifolium repens was 
found by Saebø & Mortensen (1996). 
 
1.7.1.3. Grass/clover mixture 
Schenk et al. (1997b) investigated the response of a Lolium perenne/Trifolium repens mixture 
to elevated CO2. It seemed that both species had advantage of growing in a mixture. Clover 
took advantage of the CO2 enrichment under both low (0N) and high (200 kg ha-1) N 
treatments, but a repression of the perennial ryegrass in the mixed swards was only assessed 
under low N conditions. On zero N, perennial ryegrass profited from the presence of clover 
due to the N transfer from clover to the grass. Clover grew higher and the ryegrass plants 
were shorter under CO2 enrichment so creating a competition for light. The production of 
perennial ryegrass responded very strongly to the use of N fertiliser but not to the CO2 
concentration as contrasted with clover. Nitrogen fertilisation stimulates grass growth but 
harms clover. However, on a long term period, perennial ryegrass can also benefit from 
higher atmospheric CO2 concentrations, since N inputs into the soil will increase due to a CO2 
related increase in N fixation of the clover. Similar results were found by Ross et al. (1995), 
Hebeisen et al. (1997) and Nösberger et al. (1998).  
 
Chapter 1 
 
 20
Responses of plants to elevated CO2 concentrations on the physiological level are reviewed 
by Amthor (1995). 
 
1.7.2. Decomposition of grasses 
 
Plant C and N are returned to the soil throughout the growing season as root exudates, dead 
leaves and fragments of roots. The debris will decompose and be added to the humus or 
biomass organic matter pools. 
Lower decomposition rates and higher C/N ratios for grass roots grown under elevated CO2 
concentration were found by Owensby (1993), Gorissen et al. (1995a), van Ginkel et al. 
(1996) and Loiseau & Soussana (1999). Owensby (1993) and Van Kessel et al. (2000a) found 
also higher C/N ratios for grass shoots grown under high CO2 concentrations whereas 
Gorissen et al. (1995b) and van Ginkel et al. (1997) found that the decomposition of grass 
shoots was not affected under elevated CO2. 
For clover also, higher C/N ratios were obtained by Nitschelm et al. (1997) and by Van 
Kessel et al. (2000a) under higher CO2 concentrations. 
The decrease in decomposition rate is possibly due to a change in root quality such as a 
limited N supply by the root material caused by an increased C/N ratio in the roots or by 
changed lignin content (Gorissen et al., 1995a). Higher values of C/N ratios mean that the 
plant litter will decompose slower. The relative decomposition rate of SOM increases with 
temperature, soil pH, soil aeration, soil drainage and decreases with higher C/N ratio and 
higher clay content of the soil (Wolf & Janssen, 1991). 
Due to the increased C input into the soil and reduced decomposition rates of plant material, 
soils may function as a sink for atmospheric CO2 when CO2 concentration rises. 
Another important factor that determines the decomposition rate of SOM is the soil texture 
(see Soil Texture and C sequestration). 
 
1.7.3. Shift in C distribution within the plant/soil system and net new C input 
 
In terrestrial ecosystems, C is located in the vegetation and even more in the soil. The soil 
contains about 2.5 times more C than the terrestrial vegetation (Batjes, 2000). There is a flux 
of C between plant and soil. Plant litter, exudates and root turnover are all factors which will 
determine the C concentration in the soil. An increasing CO2 concentration will undoubtedly 
have an effect on all these factors and in that way maybe also on the total organic C pool in 
the soil. The C in soil organic matter is derived from easily decomposable components (such 
as exudates from fine roots and root tissue, from fine plant litter and from the C in micro 
organisms).  
It is commonly known that soils store C in pools with different turnover times and with 
respect to C sequestration, immobilizing atmospheric CO2 in soil C pools with long turnover 
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times should be better. Stabile C pools are in this aspect much better than labile C pools with 
a short turnover time. 
Many studies have already been performed on the effect of elevated CO2 concentration on the 
C budget (Table 1.5.). The positive CO2 effect is associated with a distribution of extra C to 
the roots and soil in studies of Gorissen (1996), Cotrufo & Gorissen (1997), Schapendonk et 
al. (1997) and van Ginkel et al. (1997). However, it only occurs under conditions that are not 
nutrient limited. The increase in C allocation to the soil is due to an increased C uptake, due to 
shift in the C distribution pattern and due to a decreasing decomposition of root residues 
(Gorissen, 1996). This leads to more possibilities for C sequestration in the soil. But, the 
availability of nutrients will still play a major role. On the other hand, Van Kessel et al. 
(2000a and 2000b) concluded for both Lolium perenne swards and Trifolium repens swards 
that the total C content in the soil was not influenced by atmospheric CO2 concentration.  
It should be noticed that under elevated CO2 two factors could contribute to an increase in 
belowground C accumulation. The first is an increase in the production of plant litter, mainly 
belowground by an increase in root growth and deposition in the rhizosphere. The second 
factor is a decrease in litter quality due to changes in C/N ratio such as in the lignin:N ratio, 
leading to a decrease in the decomposition rate (Loiseau & Soussana, 1999). 
One can conclude from Table 1.5. that in all studies, there was a shift in the C distribution 
under elevated CO2. More C was distributed belowground and there was also an increase in 
the net new C input into the soil. On the other hand, no study showed a significant effect of 
elevated CO2 concentrations on the total soil organic carbon pool. This could be due to either 
the fact that it is very difficult to detect changes in soil C under increasing CO2 concentration 
or that elevated CO2 perhaps has no significant effect on the total soil C pool. Determining the 
effects of elevated CO2 on the total soil C pool and on the storage requires more powerful 
techniques or experiments that last longer (Hungate et al., 1996). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1.5. Shift in C allocation under elevated CO2 
Species Results       Reference 
   
Lolium perenne L. and Total % of labelled 14C recovered in soil ↑ from 36 → 39 % under ↑ [CO2]. 28 % of the 14C was  recovered in the roots under ↑ CO2,  Gorissen  (1996) and 
Festuca arundinacea L. while 24 % under normal concentration. Both plant species retained less C in their leaves at ↑ compared to ambient CO2 (61 % vs. 66 %),  Gorissen et al. (1995b) 
 this is mainly in the advantage of the root system (28 % vs. 24 %).  
   
Annual grasslands at sandstone No significant changes in soil carbon. After 4 years of treatment, soil Cnew was in the top 15 cm soil 2.66 ± 0.26 t C ha-1 yr-1 for serpentine and Hungate et al. (1996) 
and serpentine soils. 3.03 ± 0.43 t C ha-1 yr-1 for the sandstone.  
   
Lolium perenne L. Daily net C assimilation ↑ in ↑ [CO2] (700 ppm) by 29 and 36 % at low and high fertilisation rates respectively. Casella & Soussana (1997) 
 Below ground C storage ↑ by 32 % and 96 % at low and high nitrogen in ↑ [CO2] respectively.  
   
Lolium perenne L., Agrostis ↑[CO2] (700 ppm) induced a ↑ C input in the soil for all 3 grasses.  Cotrufo & Gorissen (1997) 
capillaris L. and  Festuca ovina L. ↑ C input in the soil for the plant soil system exposed to elevated [CO2] is not dependant on the grass species.  
   
Serpentine grassland Total C pool (t C ha-1): 20.68 ± 1.03 under ambient (360 ppm), 22.55 ± 1.07 under ↑ CO2 concentrations (720 ppm). A net change of 9.1 %. Hungate et al. (1997) 
Sandstone grassland Total C pool (t C ha-1): 26.58 ± 0.85 under ambient, 28.68 ± 1.07 under ↑ CO2 concentrations. A net change of 7.9 %.  
   
Trifolium repens L. ↑ of 50 % in the amount of new C input in top 10 cm of soil profile Nitschelm et al. (1997) 
 Net input of ≈ 2 t C ha-1 newly fixed C for the soil under ambient (325 ppm) CO2, ≈ 3 t C ha-1 under ↑ CO2 (550 ppm).  
   
Lolium perenne L. More C is distributed belowground (57 % >) under ↑ CO2 (700 ppm). Schapendonk et al. (1997) 
   
Lolium perenne L. More 14C was recovered in the root compartment at ↑ CO2 (700 ppm) (1.574 g C at low and 2.145 g C at high nitrogen) compared to  van Ginkel et al. (1997) 
 ambient concentration (350 ppm) (1.081 g C at low and 1.477 g C at high nitrogen). The total 14C –soil content increased with ↑ CO2: 0.068  
 and 0.104 g C at low and high nitrogen respectively (ambient) and 0.137 and 0.133 g C at low and high N respectively (elevated).  
 Total 14C-input in the soil (= 14C roots + total 14C soil content): 1.148 g C (low N) → 1.580 g C (high N) at ambient concentration   
 and 1.711 g C (low N) → 2.278 g C (high N) at elevated concentration. Net C input per hectare:0. 84 (LN) → 1.66 t C ha-1 (HN) at ambient   
 and 1.79 (LN) → 2.72 t C ha-1 (HN) at elevated.  
   
Lolium perenne L. Under 325 ppm C02, there was a total soil C of 21.1 g C kg-1soil for high N fertilisation (560 kg N ha-1yr-1) and of 19.4 g C kg-1soil for  Van Kessel et al. (2000a) 
 low N (140 kg N ha-1yr-1); whereas new C came down to 10.6 g C kg-1soil under high N and to 8.2 g C kg-1soil under low N. Under elevated CO2  
 concentration (550 ppm) and under high N fertilisation, there was a total soil C of 24.4 g C kg-1soil and new C of 11.4 g C kg-1soil ,  
 whereas under low N there was a total soil C of 21.8 g C kg-1soil and new C of 7.5 g C kg-1soil.  
   
   
   
   
   
   
 
 
 
 
Species Results       Reference 
   
Trifolium repens L. Under 325 ppm C02, there was a total soil C of 18.5 g C kg-1soil for high N fertilisation (560 kg N ha-1yr-1) and of 21.4 g C kg-1soil for   
 low N (140 kg N ha-1yr-1); whereas new C came down to 6.9 g C kg-1soil under high N and to 9.1 g C kg-1soil under low N. Under elevated CO2  
 concentration (550 ppm) and under high N fertilisation, there was a total soil C of 20.0 g C kg-1soil and new C of 7.3 g C kg-1soil ,  
 whereas under low N there was a total soil C of 20.0 g C kg-1soil and new C of 7.3 g C kg-1soil.  
   
 After 4 years of this FACE-experiment, the total C content in the soil was not affected by N application or elevated CO2 and averaged  
 20.8 g C kg-1soil. The high fertiliser application caused a doubling in above and below ground production of Lolium perenne L., independent  
 of the [CO2]. The higher production led to significant increase in net new C sequestration but the ↑ in above and belowground production  
 did not lead to a significant  ↑ in total (new + old)  soil C (sandy loam soil).  
   
Lolium perenne L. After 6 years (in the 0-10 layer) under 325 ppm with 560 kg N ha-1yr-1 the amount of soil C was 29.9 ± 6 t C ha-1 whereas under 550 ppm  Van Kessel et al. (2000b) 
 the soil C comes down to 30.4 ± 5.4 t C ha-1. Under low N fertilisation (140 kg N ha-1yr-1) and under 325 ppm, the amount of soil C was 29.7 ±   
 5.1 t C ha-1 and under 550 ppm it was 29.5 ± 5 t C ha-1 (clay loam).  
   
Trifolium repens L. After 6 years (in the 0-10 layer) under 325 ppm with 560 kg N ha-1yr-1 the amount of soil C was  27.6 ± 5.8 t C ha-1 whereas under 550 ppm   
 the soil C came down to  31.5 ± 6.1 t C ha-1. Under low N fertilisation (140 kg N ha-1yr-1) and under 325 ppm, the amount of soil C was  27.6   
 ± 5.1 t C ha-1 and under 550 ppm it was  29.1 ± 5.1 t C ha-1 (clay loam).  
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Chapter 2: Influence of grassland management practices on 
variation of bulk density and SOC stock 
 
2.1. Introduction 
 
Rising concentrations of greenhouse gases and consequently global warming are worldwide 
concerns. The ‘United Framework Convention on Climate Change’ (UNFCCC) obliges 
countries, through ratification of the Kyoto Protocol, to reduce globally their greenhouse gas 
emissions by 5% during the first commitment period (2008-2012) against the 1990 (baseline) 
levels. Countries can, as well as through reduction of direct emissions, also reach their Kyoto 
targets through trading of C credits and through sequestration of C in terrestrial ecosystems. 
Soil C sequestration in croplands, grasslands, in managed forests and in land subject to 
revegetation is included in article 3.4 of the Kyoto Protocol. According to the Marrakech 
agreements, cropland management, grassland management and revegetation are to be reported 
on a net-net basis (net emissions during the commitment period will be compared to net 
emissions during 1990) (Smith, 2004b).  
Management options for C sequestration should also be chosen on economic viability, current 
C stocks and attainable C stocks under new management and management sustainability, i.e. a 
future change in management could quickly release sequestered CO2 back to the atmosphere. 
Human disturbance such as land cultivation and mismanagement in the past and present 
causes soil degradation. The SOC stocks in many agricultural soils are now below their 
potential level (Paustian et al., 1997). This suggests that these soils have a potential to 
sequester C via amended management practices. 
To determine the possibilities for improved and/or changed land management of grasslands in 
Flanders, with respect to article 3.4, the existing management regimes on Flemish grassland 
need to be evaluated. The management practices in Flanders are grazing, mowing, mowing + 
grazing, permanent and temporary grassland. These practices are applied on both intensively 
and extensively used grasslands. Intensively used grasslands are nearly always used for 
agriculture, whereas extensive grasslands can be found in nature reserves or as agricultural 
grasslands under very strict regulation. 
Calculation of SOC stocks in the field requires also knowledge of the soil bulk density. 
Therefore, at the occasion of soil sampling of the grasslands, also bulk density was measured 
for the different management types. Bulk density as defined as the mass per unit of soil 
volume, including pore space. Bulk density and pore space affect the water and aeration 
status, root penetration and development, and are therefore important. Besides, bulk density is 
clearly related to the organic matter content in the soil and varies with texture, management 
and land use change (da Silva et al., 1997 and Gifford & Roderick, 2003). 
Measuring bulk density is a time-consuming and intensive activity and therefore, researchers 
often chose to calculate bulk density through pedotransfer functions or formula (Howard et 
al., 1995; da Silva et al., 1997; Bernoux et al., 1998; Boucneau et al., 1998; Post & Kwon, 
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2000 and Bruand et al., 2003). However, Batjes (1996) found that linear regressions of bulk 
density against a combination of controlling variables often give rather small coefficients of 
R² (linear determinant) which means a restriction of their predictive use. Nevertheless, 
determination of bulk density is crucial for the correct calculation of SOC stocks. Using a too 
low or too high value has a fundamental influence on the calculation of the size of these 
stocks. Therefore, simultaneous measurement of bulk density at the time of soil sampling is 
essential.  
Classical wet chemical methods for OC determination are expensive. This often limits the 
number of samples within a research project. Therefore fast, less expensive methods for OC 
determination would be very helpful. The use of Near Infrared Reflectance Spectroscopy 
(NIRS) for fast quantitative analyses of agricultural products is well described since Norris et 
al. (1976) applied the technology for forage analyses. Fewer studies exist on the potential of 
NIRS to determine soil characteristics. Bowers & Hanks (1965) studied the reflectance of 
radiant energy from soils to analyse moisture, organic matter and particle size. Ben-Dor & 
Banin (1995) developed NIRS equations to predict several soil properties as clay content, 
specific surface area, cation exchange capacity, organic matter and carbonate content. 
Stenberg et al. (1995) used NIRS spectra to select soil samples from large populations 
combining the spectra with principal component analysis and so reducing the costs for 
analyses with about 70%. Carbon and nitrogen analysis of soils or soil fractions using NIRS 
were carried out by Morra et al. (1991), Chang et al. (2001) and Fystro (2002). 
The principle of NIRS is based on the selective absorption of electromagnetic radiation in the 
wavelength region of 800 to 2500 mm due to the chemical bonds in the sample. The intensity 
of the absorbance is related to the chemical composition of the sample. However, the 
relationship between the concentration of a component and the reflected energy is disturbed 
because of scatter effects and overlapping peaks. Therefore, calibration is necessary with a lot 
of samples covering the normal variation of the product. The calibration samples are analysed 
by classical, wet chemical methods and serve for the development of the mathematical model 
relating the spectral data to the reference analyses. 
The aims of the different studies within this chapter are first to investigate the influence of 
different grassland management practices on Flemish SOC stocks. Furthermore, the potential 
and possibilities for grazing, mowing and mowing + grazing were studied with respect to C 
sequestration in permanent as well as in temporary grassland. Third, determination of bulk 
density for different soil textures and for different management types was evaluated. Also 
formulas to predict bulk density for both agricultural and natural grassland were developed. 
Finally, a large database of soil samples of different soil types was developed and possibilities 
of NIRS for routine analysis of SOC concentrations were examined.  
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2.2. Materials and Methods 
 
2.2.1. Different managements of the grasslands 
 
The following management practices were considered to study their influence on SOC stock 
changes: 
- grazing: intensive (4 Livestock Units (LU) ha-1) and extensive (max. 2 LU ha-1); under 
the extensive grazing regime, the fertiliser use is ranging between no fertilisation and 
use of manure or slurry; under intensive grazing there is, in general, the application of 
manure and slurry with additional mineral fertiliser; 
- mowing: under agricultural practices, the number of cuts depends on the amount of N 
fertiliser used and weather conditions, ranging between 2 cuts (no fertilisation) and 4 
cuts (with mineral fertiliser and/or slurry) or in nature reserves on the goals of 
biodiversity; 
- mowing + grazing: is a function of the growing rate of the grass, the stocking rate and 
supplementary feeding of the livestock; in general, between 1 and 2 cuts are taken 
before grazing (from 2 to 4 LU ha-1); the amount of fertilisation depends on the 
numbers of cuts and the number of LU ha-1 and is ranging between no fertilisation and 
10-40 t ha-1 slurry and/or mineral fertiliser;  
- permanent: grasslands which are at least 5 years old (EU Directive 796/2004); 
- temporary: grasslands of 4 years old or younger, or fields which are resown annually 
or biannually. 
 
 
2.2.2. Climatology and soil texture 
 
Flanders is situated in the north of Belgium and has a temperate wet climate with a mean 
temperature of 9.8°C and mean annual precipitation of 780 mm (Royal Meteorological 
Institute, 2005).  
The grasslands were sampled for soil on three different textures: clay (%clay ranging between 
15-35%, silt between 35-50%, sand 15%), silt (10% clay, silt ranging between 60-85% and 
sand between 5-30%) and sand (clay between 2-5%, silt between 8-35% and sand between 
60-90%). These three soil textures included heavy clay, clay, silt, sandy loam, light sandy 
loam, silty sand and sand (Figure 3.1, Belgian Soil Classification, Ameryckx et al. 1995).  
Flanders belongs to Lower and Central Belgium, where soils are allochtonous and do not 
contain particles with a diameter larger than 2 mm (Ameryckx et al. 1995). Generally, 
Flemish soils do not contain gravel or rocks and therefore, it is not necessary to take the stone 
content into account. 
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Figure 2.1 The Belgian soil textures conform the Belgian soil classification (U- Heavy clay, 
E- Clay, A- Silt, L- Sandy loam, P- Light sandy loam, S- Loamy sand, Z- Sand) (from 
Ameryckx et al., 1995)  
 
2.2.3. Distinction between agricultural and natural grasslands 
 
The sampled fields were subdivided into agricultural and natural grassland based on the use of 
fertilisers (not applied in nature reserves), intensity of farming, agricultural usefulness 
(natural grassland fields are often located on soils with little potential for agricultural use) and 
plant composition and biodiversity. In Flanders, there are no more original natural grasslands, 
they are semi-natural grassland or grassland in transition to semi-natural grassland. Semi-
natural grasslands are radically changed by human influence but the flora and fauna are totally 
spontaneous (De Blust et al., 1985).  
 
 
2.2.4. Soil sampling 
 
From the different regions in Flanders, about 1900 soil samples were taken in grassland fields 
with different management and/or different age. A distinction between ‘agricultural, 
intensive’ grasslands and ‘natural, extensive’ grasslands was made based on the above 
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mentioned criteria. Before sampling the fields, the farmers were asked if their fields were 
texturally homogenous. If not, the parts of the field which were not homogenous were left out. 
As spatial sampling strategy, the samples were taken over the field diagonally and according 
to the midfield lines. On each field, 5 samples were taken with a soil core sampler, each 
consisting out of 5 (sub) samples, at 0-10, 10-30 and 30-60 cm. Before starting the analyses, 
the plant material in the soil samples was first removed by hand and then the soil samples 
were sieved through a 2 mm sieve. Organic C was determined by the method of Walkley & 
Black (1934) and expressed as % OC of the soil fraction < 2mm. A factor of 4/3 was taken 
into account to compensate for the incomplete oxidation of Walkley & Black (Batjes, 1996). 
To recalculate the %SOC into soil organic matter, the standard conversion factor of 1.724 was 
used. Soil texture was determined by the pipette method of Köhn (Stradiot et al. 1981). 
 
 
2.2.5. Soil bulk density 
 
Soil bulk density (BD) was measured with a Kopecky core sampler and rings (with a fixed 
volume of 100 cm-3) at three different depths (0-10, 10-30 and 30-60 cm). Samples were dried 
at 80°C for 48 hours. If two or more parcels with the same management regime and soil 
texture were located next to each other, only one of them was sampled for bulk density. For 
agricultural grasslands, 70 fields were sampled for bulk density, while in the nature reserves 
22. 
 
 
2.2.6. Calculation of the soil organic carbon (SOC) stocks 
 
SOC stocks to a depth of 60 cm were calculated using the following formula: 
 
Total SOC (0-60 cm) (t C ha-1) = [((%SOC0-10/100) * BD0-10 * 10) + ((%SOC10-30/100) * 
BD10-30 * 20) + ((%SOC30-60/100) * BD30-60 * 30)]*100 
 
Where %SOC is the percentage soil organic carbon, BD the bulk density and 10, 20 and 30 
the distance over which was sampled.  
 
 
2.2.7. Statistical analysis 
 
For all statistical analyses, S-plus 6.1 (Insightful Corporation, USA) was used. Summary 
statistics were used to calculate means and standard deviations. Box plots were made for 
visual testing. All means were based on normal distributions. For normality testing, the 
Kolmogorov-Smirnov test was used and for testing equal variances, the Levene test. 
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Significant differences between means were tested with the t-test or Anova and for the Post 
Hoc test, Tukey was used. The results from the Anova were validated through analysis of the 
residuals. 
Outliers were defined as i) data which were not acceptable due to errors which occurred in the 
field or ii) data which were too divergent (> 4sd) from the other data in the dataset. Less than 
3% of the data were left out as outliers. 
  
 
2.2.8. Regression analysis for bulk density 
 
To develop formula for the prediction of bulk density for both agricultural and natural 
grassland, stepwise regression (back and forward) was used. As such, it was possible to 
calculate a regression model whereby step per step an independent variable was admitted to 
the equation. The variables were admitted in order of their relative, marginal influence on the 
dependent variable. An additional requirement for multi-linear regression is that the variables 
may not be strongly mutually correlated. Therefore, a correlation matrix of the independent 
variables was set up. A possible interaction between the different parameters was first 
investigated through correlation analysis. If parameters were correlated over 90%, one of the 
parameters was left out due to possible multi-co linearity. For the validation of the regression, 
a plot with the residuals versus the fitted values, a scatter plot of the response versus the fitted 
values and a normal probability plot were made. The different parameters investigated in the 
regressions for all soil textures together were: depth, organic matter content, %clay, %silt and 
%sand. For clay, silt and sand separately, the independent variables were organic matter 
content and depth. The %clay, %silt and %sand were left out because the percentages were 
already indirectly taking into account when making the distinction between the different soil 
textures. 
 
 
2.2.9. Error on the analysis 
 
The laboratory error on the SOC analyses was also determined by putting a blank sample 
between the samples to be analysed. The detection error of the laboratory analysis was 
determined to be 0.06 %OC and for reproducibility a standard deviation of 0.02 %OC and a 
RSD (relative standard deviation) of 3.48% was found. 
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2.2.10. Near Infrared Reflectance Spectroscopy (NIRS) analyses 
 
The organic C concentration of 1626 soil samples was determined with the method of 
Walkley & Black (Walkley & Black, 1934) with automatic titration (Metrohm Titrino 785) 
with sample changer. The total organic carbon concentration was calculated by a factor of 
1.33 to compensate for incomplete oxidation of 75% by the Walkley & Black method (Batjes, 
1996). The standard error of the reference method (SEL) was determined by the analysis of 25 
blind duplicate samples. In Table 2.1., the statistics of the analyses are presented. NIRS 
spectra were collected with a Foss NIRSystems 5000 (Silver Spring, MD 20904 U.S.A) 
monochromatic instrument with transport module using small ring cups and WinISI II 1.04 
software. The inverse reflectance (log R-1) was measured from 1100 to 2500 nm in steps of 2 
nm. Duplicate scans were collected and averaged.  
 
Table 2.1. Statistics of chemical analyses of organic carbon concentration (g OC kg-1 soil) per 
grassland type (A=agricultural grassland; N=natural grassland; n=number of samples; min, 
max, mean=respectively lowest, highest and average value of OC; sd=standard deviation) 
Textures Area n minimum maximum mean ± sd 
      
clay + silt + sand A + N  1626 0.5 115.7 18.5 ± 13.6 
clay + silt + sand A 1209 0.5 74.7 16.9 ± 10.9 
clay A 249 2.5 66.0 21.7 ± 13.0 
silt A 525 0.5 74.7 15.4 ± 10.7 
sand A 435 2.7 62.8 16.0 ± 8.8 
clay + silt + sand N 417 2.0 115.7 25.0 ± 21.0 
clay N 150 4.1 115.7 37.4 ± 27.5 
silt N 105 2.8 60.3 16.7 ± 11.7 
sand N 162 2.0 53.2 18.9 ± 11.3 
 
 
Global calibration (Shenk & Westerhaus, 1993) 
Principal component analysis (PCA) was used to calculate the standardised Mahalanobis (H) 
distance of each spectrum in comparison with the mean of all spectra.  Spectral outliers 
(standardised H>3) were removed (Shenk & Westerhaus, 1991a). On this basis 86 samples 
were omitted. The remaining samples were divided into 2 groups: 500 randomly selected 
samples were used for validation and the 1038 remaining for calibration development. 
Different scatter corrections and mathematical treatments were tested (Table 2.2.). Standard 
normal variate (snv), detrend, combination of snv & detrend and multiplicative scatter 
correction (msc) were tested in combination with no, first or second derivative of the spectra. 
The first and second derivatives were calculated with a gap of respectively 4 and 8 data points 
and a smoothing of respectively 4 and 6 (Infrasoft International, 1999). 
The calibration equation was performed using modified partial least square regressions 
(MPLS) (Shenk & Westerhaus, 1991b). Four cross validation groups were used to select the 
optimum number of PLS terms. Samples with large residuals (t>2.5) were omitted and the 
calibration procedure was performed again. The SEC (standard error of calibration), SECV 
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(standard error of cross validation), the determination coefficient (R²) of the simple linear 
regression between reference values and NIRS predicted values of the calibration set and the 
number of PLS terms were calculated. 
Finally the equations were tested with the validation samples. The standard error of prediction 
(SEP) and R² were calculated. Moreover, the ratio of the sd (standard deviation) of the 
validation reference data set to the SEP (RPD) was calculated to evaluate the performance of 
the equations.  
 
 
Table 2.2. Statistics of the tested NIRS global calibrations and validations for total organic 
carbon (math=mathematical treatment (respectively derivative, gap and smoothing); 
scatter=scatter correction; SEC, SECV, SEP=standard error of respectively calibration, cross-
validation and prediction; R²=determination coefficient; terms=number of PLS terms; 
RPD=ratio of the standard deviation to the SEP of the validation set) 
CALIBRATION VALIDATION 
math Scatter SEC R² SECV terms SEP R² RPD 
0,0,1 none 3.89 0.87 3.95 14 4.11 0.87 2.8 
0,0,1 snv 4.07 0.85 4.16 15 4.42 0.85 2.6 
0,0,1 detrend 4.08 0.86 4.13 13 4.34 0.86 2.6 
0,0,1 snv and detrend 4.40 0.83 4.51 15 4.82 0.82 2.4 
0,0,1 msc 4.39 0.83 4.47 13 4.67 0.83 2.4 
         
1,4,4 none 3.70 0.89 3.90 12 3.95 0.88 2.9 
1,4,4 snv 4.04 0.86 4.26 12 4.32 0.86 2.6 
1,4,4 detrend 3.88 0.87 4.07 11 4.20 0.87 2.7 
1,4,4 snv and detrend 4.20 0.84 4.41 11 4.71 0.83 2.4 
1,4,4 msc 4.23 0.85 4.43 12 4.64 0.84 2.5 
         
2,8,6 none 3.86 0.88 4.04 9 4.23 0.86 2.7 
2,8,6 snv 4.23 0.85 4.50 11 4.60 0.84 2.5 
2,8,6 detrend 3.85 0.88 4.03 9 4.22 0.86 2.7 
2,8,6 snv and detrend 4.18 0.86 4.46 12 4.58 0.84 2.5 
2,8,6 msc 4.41 0.83 4.58 9 5.03 0.81 2.3 
 
 
Local calibration (Shenk & Westerhaus, 1993) 
In the next step the soil samples were divided up in samples from agricultural grassland and 
from natural grasslands. Again PCA analysis was carried out. H-outliers were omitted and the 
samples were divided in a validation (about one third of the samples, randomly selected) and 
a calibration set. The calibration was performed using the optimal settings found for the 
global calibration. Finally, the same procedure was followed for the samples grouped 
according to their soil texture and practice (agricultural or natural). 
Chapter 2 
    
 
 34
2.3 Results 
 
To investigate the influence of various approaches in calculating results concerning variation 
in OC stocks, the results are discussed into 3 sections. 
In the first section, the data are considered according to the different agro-pedological regions 
in Flanders with one overall mean bulk density per specific agro-pedological region. In the 
second and third section, the data are considered per three soil textures (clay, silt and sand) 
with respectively a general bulk density and a bulk density per individual management 
treatment.  
For reasons of limiting repetition, only the results in the last section are discussed in detail. 
 
 
2.3.1. Results per agro-pedological region 
 
2.3.1.1. Agricultural grassland 
 
SOC concentration 
Table 2.3. shows the SOC concentration for agricultural grassland in the different agro-
pedological regions of Flanders. The SOC concentration decreases with depth and is highest 
for the Polders and lowest for the Sandy region. Grazed and permanent grassland have the 
highest concentrations for all regions and mown and temporary grassland the lowest.  
 
Bulk density 
Opposite to the SOC concentrations, bulk density increased with depth. The highest bulk 
density was found for the Polders and the lowest one for the Campines (Table 2.4.). No 
significant differences were found within the depths and between the depths within one 
region. 
 
Table 2.4. Bulk density with standard deviations in g cm-3 at three different depths for 
agricultural grassland in five agro-pedological regions in Flanders 
0-10 cm 10-30 cm 30-60 cm  
Agro-pedological regions mean ± sd mean ± sd mean ± sd 
 
Campines 
Polders 
Sandy region 
Sandy loam region 
Silt region 
 
1.37 ± 0.17 
1.42 ± 0.26 
1.35 ± 0.26 
1.34 ± 0.22 
1.38 ± 0.18 
 
1.39 ± 0.19 
1.54 ± 0.10 
1.45 ± 0.09 
1.48 ± 0.14 
1.41 ± 0.06 
 
1.45 ± 0.19 
1.53 ± 0.11 
1.52 ± 0.10 
1.52 ± 0.30 
1.55 ± 0.08 
 
 
 
 
Table 2.3. SOC concentrations and standard deviations in %SOC at three depths for different managements and agro-pedological regions for 
agricultural grassland in Flanders 
Campines Polders Sandy region Sandy loam region Silt region  
Management mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing + Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm  
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
2.79* 
0.95* 
0.40*  
 
 
2.37 ± 1.17 
1.94 ± 0.63 
1.29 ± 0.65 
 
 
1.82 ± 0.15 
1.52 ± 0.23 
0.91 ± 0.20 
 
 
3.22 ± 1.40 
2.22 ± 0.82 
1.37 ± 0.72 
 
 
2.05 ± 0.78 
1.71 ± 0.54 
1.15 ± 0.62 
 
 
 
2.37 ± 1.11 
1.85 ± 0.66 
1.21 ± 0.65 
 
 
4.58 ± 1.29 
2.86 ± 0.86 
1.10 ± 0.33 
 
 
3.30 ± 1.39 
2.01 ± 0.78 
0.94 ± 0.48 
 
 
1.75 ± 0.07 
1.39 ± 0.15 
0.65 ± 0.17 
 
 
4.13 ± 1.40 
2.54 ± 0.89 
1.05 ± 0.42 
 
 
1.85 ± 0.27 
1.40 ± 0.24 
0.68 ± 0.13 
 
 
 
3.73 ± 1.55 
2.34 ± 0.93 
0.98 ± 0.41 
 
 
2.60 ± 0.60 
1.47 ± 0.39 
1.09 ± 0.41 
 
 
2.49 ± 1.25 
1.56 ± 0.69 
0.95 ± 0.64 
 
 
1.03 ± 0.24 
0.97 ± 0.09 
0.53 ± 0.19 
 
 
2.66 ± 1.20 
1.55 ± 0.69 
0.89 ± 0.49 
 
 
1.93 ± 0.80 
1.36 ± 0.39 
1.06 ± 0.68 
 
 
 
2.38 ± 1.12 
1.48 ± 0.59 
0.96 ± 0.57 
 
3.01 ± 0.85 
1.58 ± 0.68 
0.99 ± 0.64 
 
 
2.14 ± 0.66 
1.30 ± 0.59 
0.71 ± 0.48 
 
 
1.95 ± 0.53 
1.19 ± 0.33 
0.50 ± 0.19 
 
 
2.81 ± 0.91 
1.46 ± 0.72 
0.91 ± 0.60 
 
 
2.07 ± 0.57 
1.31 ± 0.48 
0.67 ± 0.46 
 
 
 
2.43 ± 0.84 
1.39 ± 0.61 
0.79 ± 0.55 
 
 
3.60 ± 0.60 
1.65 ± 0.40 
0.84 ± 0.49 
 
 
 
 
 
 
 
1.89 ± 0.89 
0.98 ± 0.23 
0.53 ± 0.16 
 
 
3.60 ± 0.60 
1.65 ± 0.40  
0.84 ± 0.49 
 
 
1.89 ± 0.89 
0.98 ± 0.23 
0.53 ± 0.16 
 
 
 
2.89 ± 1.12 
1.37 ± 0.47 
0.71 ± 0.49 
 
*only one data point available 
 
 
 
Table 2.5. SOC stocks and standard deviations in t C ha-1 for 0-60 cm, for different managements and agro-pedological regions, for agricultural 
grassland in Flanders. The same letter in a column means not significant different (a, b between grazing, mowing + grazing and mowing and d, e 
between temporary and permanent)  
Campines Polders Sandy region Sandy loam region Silt region  
Management mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing + Grazing 
 
Mowing 
 
Permanent 
 
Temporary  
 
Overall mean 
 
 
82* a 
 
142 ± 54 a 
 
107 ± 13 a 
 
165 ± 65 d 
 
126 ± 45 e 
 
136 ± 53 
 
 
204 ± 51 a 
 
152 ± 46 b 
 
97 ± 10 b 
 
185 ± 52 d 
 
100 ± 12 e 
 
170 ± 57 
 
 
127 ± 21 a 
 
122 ± 57 a 
 
66 ± 14 b 
 
122 ± 55 d 
 
114 ± 37 d 
 
119± 49 
 
 
132 ± 53 a 
 
100 ± 38 b 
 
84 ± 18 b 
 
123 ± 54 d 
 
97 ± 31 e 
 
109 ± 45 
 
 
135 ± 34 a 
 
 
 
79 ± 26 b 
 
135 ± 34 d 
 
79 ± 26 e 
 
112 ± 41 
 
* only one data point available 
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SOC stock 
The SOC stock was calculated using the SOC concentrations and bulk density for the specific 
agro-pedological regions. Grazing led to higher SOC stocks (to 60 cm) for all agro-
pedological regions except for the Campines (only one data point was available) (Table 2.5.). 
For the Campines, there was no significant difference between mowing and mowing + 
grazing but the higher SOC stock for permanent grassland was significant. In the Silt region, 
grazing and permanent grassland had significant higher mean SOC stocks than respectively 
mown and temporary grassland.  
Grazing also led to significant higher stocks of organic C in the soil compared with mowing 
and mowing + grazing for both the Polders and the Sandy loam region. In both regions, 
permanent grass also led to significant higher SOC stocks. In the Sandy region, there was no 
significant difference between permanent and temporary and between grazed and mown + 
grazed grassland but the differences between grazing and mowing and between mowing and 
mowing + grazing were significant. 
 
2.3.1.2. Natural grassland 
 
For the Silt region, no parcels were sampled. Also no parcels for grazed and mown + grazed 
grassland in the Polders, mown + grazed grassland in the Campines and temporary grass in 
the Sandy loam regions were available. 
 
SOC concentration 
Again, SOC concentrations (Table 2.6.) decreased with increasing depth and the same trends 
as under agricultural grassland between the different management regimes could also be seen 
under natural grassland. Except for the Sandy region, where mowing led to higher SOC 
concentrations. 
 
Bulk density 
In general, bulk density (Table 2.7.) increased also here with increasing depth to 60 cm. 
Under natural grassland, the lowest bulk densities were found for the Polders and the highest 
for the Campines which is opposite as what was found under agricultural grassland. This can 
be explained by the fact that the amount of OM for the Polders is much higher than the 
amount of OM for the Campines under natural grassland. This means that the much higher 
amount of OM with a low specific gravity will increasingly compensate for the higher 
specific gravity of the mineral soil fraction in the clayey soil. In a sandy soil, the contribution 
of the mineral fraction to the bulk density is of less importance than in a clayey soil because 
of the lower specific gravity of the mineral fraction. In case of the agricultural grasslands with 
not such higher OM contents in the Polders compared to the Campines, the bulk densities in 
the clayey soils were higher than those in the sandy soils. 
However, large standard deviations were found; so, variation within one region is large. 
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Table 2.7. Bulk density with standard deviations in g cm-3 at three different depths for natural 
grassland for five agro-pedological regions in Flanders 
0-10 cm 10-30 cm 30-60 cm  
Agro-pedological regions mean ± sd mean ± sd mean ± sd 
 
Campines 
Polders 
Sandy region 
Sandy loam region 
Silt region 
 
1.51 ± 0.09 
0.97 ± 0.49 
1.03 ± 0.47 
0.94 ± 0.44 
 
 
1.26 ± 0.26 
1.23 ± 0.45 
1.43 ± 0.35 
1.21 ±0.45 
 
 
1.53 ± 0.17 
1.20 ± 0.46 
1.19 ± 0.42 
1.20 ± 0.50 
 
 
 
SOC stock 
The highest SOC stocks were found in the Polders and the lowest stocks for the Sandy loam 
region (Table 2.8.). For the Campines and the Sandy region, no significant differences 
between the different managements were found. For the Polders, permanent grass had 
significantly higher stocks compared to temporary grassland. In the Sandy loam region, the 
grazed parcels had significantly higher SOC stocks compared with the mown ones. 
 
 
 
Table 2.6. SOC concentrations and standard deviations in %SOC at three depths for different managements and agro-pedological regions for 
natural grassland in Flanders 
Campines Polders Sandy region Sandy loam region Silt region  
Management mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing and Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm 
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
3.20 ± 0.99 
1.94 ± 1.01 
1.48 ± 0.94 
 
 
 
 
 
 
 
2.58 ± 0.61 
1.78 ± 0.30 
0.98 ± 0.45 
 
 
3.08 ± 0.84 
1.66 ± 0.74 
1.20 ± 0.89 
 
 
2.50 ± 0.80 
2.23 ± 0.57 
1.28 ± 0.47 
 
 
2.88 ± 0.86  
1.86 ± 0.73 
1.23 ± 0.76 
 
 
 
 
 
 
 
 
 
 
 
 
6.04 ± 1.06 
3.22 ± 0.90 
1.77 ± 0.84 
 
 
6.84 ± 0.56 
3.81 ± 0.89 
2.49 ± 0.45 
 
 
5.23 ± 0.77 
2.63 ± 0.39 
1.05 ± 0.27 
 
 
6.04 ± 1.06 
3.22 ± 0.90 
1.77 ± 0.84 
 
 
3.72 ±1.11 
1.60 ± 0.45 
0.58 ± 0.23 
 
 
3.36 ± 0.59 
1.41 ± 0.14 
0.95 ± 0.14 
 
 
5.13 ± 3.18 
2.89 ± 2.58 
0.99 ± 0.69 
 
 
4.97 ± 2.98 
2.72 ± 2.41 
0.98 ± 0.65 
 
 
3.38 ± 0.98 
1.44 ± 0.45 
0.60 ± 0.24 
 
 
4.49 ± 2.62 
2.37 ± 2.09 
0.91 ± 0.57 
 
 
5.41 ± 2.30 
2.54 ± 1.30 
1.21 ± 0.40 
 
 
4.97 ± 1.15 
1.60 ± 0.06 
0.87 ± 0.16 
 
 
1.52 ± 0.10 
1.23 ± 0.11 
0.49 ± 0.08 
 
 
3.84 ± 2.32 
1.80 ± 1.02 
0.81 ± 0.41 
 
 
 
 
 
 
 
3.84 ± 2.32 
1.80 ± 1.02 
0.81 ± 0.41 
 
 
 
 
 
 
Table 2.8 SOC stocks and standard deviations in t C ha-1 for 0-60 cm, for different managements and agro-pedological regions, for natural 
grassland in Flanders. The same letter in a column means not significant different (a, b between grazing, mowing + grazing and mowing and d, e 
between temporary and permanent)  
Campines Polders Sandy region Sandy loam region Silt region  
Management mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing + Grazing 
 
Mowing 
 
Permanent 
 
Temporary  
 
Overall mean 
 
165 ± 23 a 
 
 
 
129 ± 19 a 
 
143 ± 65 d 
 
152 ± 45 d 
 
146 ± 58 
 
 
 
 
 
201 ± 54  
 
250 ± 20 d 
 
153 ± 19 e 
 
201 ± 54 
 
105 ± 28 a 
 
109 ± 11 a 
 
171 ± 126 a 
 
164 ± 118 d 
 
98 ± 29 d 
 
146 ± 103 
 
152 ± 66 a 
 
117 ± 9 ab 
 
62 ± 6 b 
 
109 ± 59 
 
 
 
109 ± 59 
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Overall, the Polders are the agro-pedological region with the highest OC stock in the soil for 
both agricultural and natural grassland followed by the Campines and the Sandy region. The 
Sandy loam region had for both types of grassland the lowest SOC stock. However, these 
differences were not always significant. In general, the standard deviations of the bulk 
densities for natural grassland were larger than the ones for agricultural grassland. The 
separation of data according to the agro-pedological regions matched more for agricultural 
than for natural grassland. 
 
 
The separation of the sampled agricultural and natural grasslands according to their agro-
pedological regions was done analogous with the discussion in Chapter 3. However, the 
sampled fields did sometimes have another soil texture than the dominating one for that 
specific agro-pedological region and so the standard deviations found were relatively high. 
This shows that the variation within the data was high. It is expected that with reorganising 
the data, the standard deviations would be smaller and the variation would be reduced for both 
the OC data and the bulk density. 
Therefore, the soil texture of the different fields was determined so that the fields could be 
classified within one of the groups of soil texture. It is expected that the results in this way 
will be more accurate. Also the bulk density will be classified according to a specific soil 
texture. The next paragraphs show this approach. First, the results were calculated with 
overall mean bulk densities for the specific soil textures. Second, the results were calculated 
with a specific bulk density per management treatment. 
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2.3.2. Results per soil texture taken into account an overall mean bulk density 
 
2.3.2.1. Agricultural grassland 
 
SOC concentration 
SOC concentrations decreased with increasing depth (Table 2.9.) with, in general, higher 
concentrations for the clayey texture compared to both the silty and sandy texture. For the 
clayey texture, grazing and mowing + grazing led to significantly higher SOC concentrations 
compared with mowing at all depths. For the silty texture, the significant differences between 
the different treatments changed with depth but at all depths grazing had significantly higher 
SOC concentrations than mowing. At the 0-10 cm, grazing and mowing + grazing were 
significantly higher than mowing and also grazing was significantly higher than mowing + 
grazing for the sandy texture. At the other depths no significant differences were found.  
For all depths, permanent grassland had significantly higher SOC concentrations than 
temporary grassland for the clayey texture. Whereas for both the silty and sandy texture, there 
was only a significant difference between permanent and temporary grassland for the layer 0-
10 cm. 
The separation of the data according to their soil texture and not per agro-pedological region 
led to an overall decrease in standard deviation of 18% which proves that the variation within 
the 3 soil textures has become smaller than within the agro-pedological regions. 
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Table 2.9 SOC concentrations with standard deviation in %SOC for different managements 
and three soil textures at three depths for agricultural grassland in Flanders 
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing + Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm  
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
3.70 ± 0.92 
2.16 ± 0.71 
1.10 ± 0.37 
 
 
3.58 ± 1.23 
2.20 ± 0.77 
1.03 ± 0.52 
 
 
1.69 ± 0.13 
1.30 ± 0.17 
0.61 ± 0.15 
 
 
3.78 ± 1.04 
2.23 ± 0.75 
1.08 ± 0.46 
 
 
1.86 ± 0.34 
1.39 ± 0.28 
0.65 ± 0.13 
 
 
3.42 ± 1.19 
2.09 ± 0.75 
1.01 ± 0.45 
 
 
2.83 ± 0.70 
1.46 ± 0.73 
0.67 ± 0.23 
 
 
2.04 ± 0.52 
1.27 ± 0.42 
0.64 ± 0.29 
 
 
1.99 ± 0.60 
1.15 ± 0.34 
0.49 ± 0.17 
 
 
2.50 ± 0.75 
1.28 ± 0.63 
0.63 ± 0.25 
 
 
2.12 ± 0.60 
1.31 ± 0.41 
0.61 ± 0.26 
 
 
2.29 ± 0.70 
1.30 ± 0.52 
0.62 ± 0.26 
 
 
2.85 ± 0.59 
1.59 ± 0.61 
1.07 ± 0.56 
 
 
1.96 ±0.44 
1.46 ± 0.45 
0.93 ± 0.42 
 
 
1.41 ± 0.41 
1.17 ± 0.37 
0.70 ± 0.27 
 
 
2.44 ± 0.84 
1.49 ± 0.58 
0.95 ± 0.45 
 
 
2.01 ± 0.57 
1.45 ± 0.43 
0.95 ± 0.44 
 
 
2.17 ± 0.71 
1.46 ± 0.49 
0.95 ± 0.44 
 
 
Bulk density 
The bulk densities of all grasslands were classified per soil texture and per depth  (Table 
2.10.). These bulk densities are a mean over all management treatments.  
A trend of increasing bulk density with increasing depth was found. For agricultural 
grasslands, a significant difference was found for the silty texture between depth 0-10 and 10-
30 cm and between 0-10 and 30-60 cm. For the sandy texture, a significant difference was 
only found between 0-10 and 30-60 cm. Between the other depths and for the clayey texture, 
no significant differences between the different depths were found. 
Also for the bulk density, the standard deviations decreased by 16% compared to the sd’s for 
the separation per agro-pedological region. 
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Table 2.10. Soil bulk densities with standard deviations in g cm-3 for three depths and three 
soil textures for all agricultural grassland in Flanders 
0-10 cm 10-30 cm 30-60 cm  
Soil texture mean ± sd mean ± sd mean ± sd 
 
Clay 
Silt 
Sand 
 
1.38 ± 0.24 
1.33 ± 0.23 
1.44 ± 0.10 
 
1.42 ± 0.19 
1.47 ± 0.14 
1.47 ± 0.13 
 
1.45 ± 0.19 
1.61 ± 0.06 
1.54 ± 0.12 
 
 
SOC stock 
In general, SOC stocks were 54% and 28% higher for the clayey texture compared 
respectively with the silty and sandy texture (Table 2.11.). The sandy texture had a 20% 
higher OC stock compared to the silty texture. 
For both the clayey and the sandy texture, grazing and mowing + grazing had significantly 
higher SOC stocks than mowing. For the silty texture, only grazing had a significantly higher 
OC stock than mowing. In general, grazing had higher SOC stocks than mowing + grazing 
and both had higher OC stocks than mowing. Permanent grass led to significantly higher 
mean SOC stocks than temporary grass under all soil textures.  
 
Table 2.11. SOC stocks with standard deviations in t C ha-1 for 0-60 cm for different 
managements and soil textures for agricultural grassland in Flanders. The same letter in a 
column means not significant different (a, b between grazing, mowing + grazing and mowing 
and d, e between temporary and permanent)  
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing + Grazing 
 
Mowing 
 
Permanent 
 
Temporary  
 
Overall mean 
 
160 ± 42 a 
 
157 ± 51 a 
 
87 ± 9 b 
 
163 ± 46 d 
 
94 ± 15 e 
 
151 ± 49 
 
112 ± 34 a 
 
96 ± 29 ab 
 
84 ± 20 b 
 
103 ± 36 d 
 
97 ± 27 e 
 
98 ± 30 
 
138 ± 46 a 
 
123 ± 41 a 
 
87 ± 28 b 
 
136 ± 58 d 
 
118 ± 38 e 
 
118 ± 38 
 
 
2.3.2.2. Natural grassland 
 
SOC concentration 
Some data on SOC concentration are missing because no fields for that specific treatment 
could be sampled. Nevertheless, some trends are different from what was found under 
agricultural grassland. 
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For the clayey texture, mowing had significantly higher SOC concentrations than grazing and 
mowing + grazing at all depths (Table 2.12.). Only for the layer 0-10 cm, significantly higher 
SOC concentrations were found for the grazing and mowing + grazing treatment compared to 
mowing for the silty texture. No other significant differences between the treatments and 
depths were found. 
For the sandy texture, no significant differences between grazing and mowing were found for 
the layer 0-10 cm. The SOC concentration between temporary and permanent grassland were 
not significant for all depths. 
Similar as for agricultural grassland, the standard deviations decreased with 32% when 
reorganising the data according their soil texture. 
 
Table 2.12. SOC concentrations with standard deviations in %SOC for different managements 
and three soil textures at three depths for natural grassland in Flanders 
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing + Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm  
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
5.42 ± 1.78 
2.60 ± 0.87 
1.17 ± 0.58 
 
 
5.19 ± 1.28 
2.34 ± 0.96 
0.76 ± 0.39 
 
 
7.73 ± 2.27 
4.19 ± 2.27 
1.79 ± 0.75 
 
 
 
 
 
 
 
 
 
 
 
 
6.39 ± 2.18 
3.19 ± 1.66 
1.39 ± 0.76 
 
 
3.39 ± 0.29 
1.38 ± 0.30 
0.77 ± 0.17 
 
 
3.41 ± 1.47 
1.37 ± 0.25 
0.75 ± 0.29 
 
 
2.31 ± 0.62 
1.34 ± 0.34 
0.67 ± 0.33 
 
 
 
 
 
 
 
 
 
 
 
 
2.94 ± 1.17 
1.36 ± 0.29 
0.72 ± 0.30 
 
 
3.16 ± 0.89 
1.96 ± 0.87 
1.26 ± 0.88 
 
 
 
 
 
 
 
2.98 ± 0.82 
1.57 ± 0.41 
0.73 ± 0.44 
 
 
2.89 ± 0.51 
1.42 ± 0.42 
0.63 ± 0.44 
 
 
2.92 ± 0.98 
1.76 ± 0.49 
0.90 ± 0.36 
 
 
2.94 ± 0.75 
1.63 ± 0.52 
0.83 ± 0.54 
 
 
Bulk density 
For the layer 0-10 cm, the bulk densities for natural grasslands were lower than for 
agricultural grassland. For the natural grasslands, only a significant difference between 0-10 
and 10-30 cm was found for the clayey texture (Table 2.13.). Between other depths and for 
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other soil textures in natural grasslands, no significant differences were found. Comparing the 
bulk densities and their sd in Table 2.7. and Table 2.13., respectively per agro-pedological 
region and per soil texture, the sd changed enormously. The sd of the bulk densities per soil 
texture decreased by 100%. 
 
Table 2.13. Soil bulk density with standard deviations in g cm-3 for three depths and three soil 
textures for natural grassland in Flanders 
0-10 cm 10-30 cm 30-60 cm Soil texture 
mean ± sd mean ± sd mean ± sd 
 
Clay 
Silt 
Sand 
 
0.54 ± 0.11 
1.26 ± 0.36 
1.35 ± 0.28 
 
1.10 ± 0.17 
1.55 ± 0.18 
1.38 ± 0.25 
 
1.03 ± 0.33 
1.39 ± 0.01 
1.60 ± 0.03 
 
 
SOC stock 
Also for natural grassland, the clayey texture soils had higher SOC stocks than the silty (+ 
39%) and the sandy texture soils (+ 27%). The sandy texture has 10% higher stocks of OC 
compared to the silty texture (Table 2.14.). 
For the sandy and silty texture, no significant differences between grazing, mowing and 
mowing + grazing were found. On the clayey soil, grazing and mowing + grazing had 
significantly higher stocks than mowing. On the sandy texture, temporary grassland had 
significantly higher SOC stocks than permanent grassland. This due to the fact that temporary 
grassland had higher mean SOC concentrations for 10-30 cm and 30-60 cm compared to 
permanent grassland on the sandy texture. Thereby, the total SOC stock also becomes higher. 
 
Table 2.14. SOC stocks with standard deviations in t C ha-1 for different managements and 
three soil textures at three depths for natural grassland in Flanders. The same letter in a 
column means not significant different (a, b between grazing, mowing + grazing and mowing 
and d, e between temporary and permanent)  
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing and Grazing 
 
Mowing 
 
Permanent 
 
Temporary  
 
Overall mean 
 
122 ± 39 a 
 
103 ± 35 a 
 
189 ± 70 b 
 
151 ± 66 
 
 
 
151 ± 66 
 
117 ± 18 a 
 
117 ± 33 a 
 
98 ± 29 a 
 
109 ± 30 
 
 
 
109 ± 30 
 
143 ± 63 a 
 
 
 
119 ± 29 a 
 
105 ± 28 d 
 
135 ± 45 e 
 
121 ± 39 
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The SOC stocks for both agricultural and natural grassland were calculated with a mean bulk 
density per soil texture because no significant differences in bulk density between the 
different management treatments were found. 
However, Kätterer & Andrén (1999) found in their study that using a constant bulk density for 
converting C concentration to mass is not the best assumption. Indeed, a reduced/increased C 
concentration does not necessarily indicate a reduced/increased C mass. Bulk density and 
depth also play a major role in calculating C masses. Kätterer & Andrén (1999) found large 
increases in SOC concentration but the mass increase was quite small. The reason was the 
decreased bulk density.  
Therefore, we decided to recalculate the OC stocks with a bulk density per treatment despite 
there was no significant difference between the treatments. 
 
 
2.3.3. Results per texture group, taking into account bulk densities for the different 
managements 
 
2.3.3.1. Agricultural grassland 
 
SOC concentration 
SOC concentrations are not discussed here anymore because they were not bulk density 
depending and are similar to the ones in 2.3.2.  
 
Bulk density 
Mean bulk densities were also measured on different managements applied on Flemish 
grasslands (Table 2.15.). Overall, temporary grasslands had higher mean bulk densities at 
every depth than permanent grasslands. Significant differences for bulk densities between 
temporary and permanent grasslands were found with clayey texture for the depths 0-10 and 
30-60 cm and with the sandy texture for 0-10 cm, but no other significant differences were 
found. There was a tendency for higher bulk densities under mowing compared to grazing. 
Overall, lower bulk densities were found under grazed and permanent grassland compared 
with respectively mown and temporary grassland. The bulk densities under mowing + grazing 
were situated in between. 
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Table 2.15. Soil bulk density with standard deviation in g cm-3 for different managements and 
soil textures at three depths for agricultural grassland in Flanders 
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing + Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm  
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
1.41 ± 0.16 
1.44 ± 0.17 
1.46 ± 0.15 
 
 
1.29 ± 0.29 
1.37 ± 0.22 
1.40 ± 0.22 
 
 
1.62* ± 0.08 
1.60* ± 0.08 
1.62* ± 0.04 
 
 
1.31 ± 0.23 
1.39 ± 0.20 
1.39 ± 0.18 
 
 
1.59 ± 0.11 
1.52 ± 0.17 
1.64 ± 0.03 
 
 
 
1.38 ± 0.24 
1.42 ± 0.19 
1.45 ± 0.19 
 
 
1.19 ± 0.28 
1.48 ± 0.14 
1.59 ± 0.08 
 
 
1.42 ± 0.13 
1.47 ± 0.13 
1.58 ± 0.10 
 
 
1.32 ± 0.29 
1.47 ± 0.18 
1.57 ± 0.06 
 
 
1.27 ± 0.27 
1.45 ± 0.16 
1.57 ± 0.10 
 
 
1.38 ± 0.17 
1.49 ± 0.12 
1.60 ± 0.09 
 
 
 
1.33 ± 0.23 
1.47 ± 0.14 
1.61 ± 0.06 
 
 
1.21 ± 0.25 
1.49 ± 0.16 
1.55 ± 0.12 
 
 
1.41 ± 0.15 
1.46 ± 0.14 
1.54 ± 0.13 
 
 
1.54* ± 0.14 
1.55* ± 0.10 
1.55* ± 0.03 
 
 
1.24 ± 0.22 
1.41 ± 0.17 
1.55 ± 0.11 
 
 
1.46 ± 0.10 
1.51 ± 0.10 
1.54 ± 0.12 
 
 
 
1.44 ± 0.10 
1.47 ± 0.13 
1.54 ± 0.12 
* only two data points available 
 
 
SOC stock 
For all agricultural grasslands, grazed grassland had a 66% higher mean SOC stock for the 
clayey texture, +30% for silty and +47% for the sandy texture compared with mowing (Table 
2.16.). This difference was significant (P<0.05) for each soil texture. Grazing also resulted in 
a higher mean SOC stock than mowing + grazing (+9% for clay, +14% for silt and +17% for 
sand). Mowing + grazing resulted in a 53% higher mean SOC stock than mowing alone for 
the clayey texture, +14% for silt and +26% for sand (Table 2.14.). Only between grazing and 
mowing + grazing for the silty texture and between mowing + grazing and mowing alone for 
the clayey texture, a significant difference (P<0.05) could be found. 
Overall, a trend was found of increasing mean SOC stocks with grazing and the permanent 
character of grassland. In general (all management practices), 151±49 t C ha-1 for the clayey 
textures, 98±30 t C ha-1 for the silty textures and 118±38 t C ha-1 for the sandy textures were 
found in agricultural grassland soils to a depth of 60 cm (Figure 2.2a, b & c). The box plots 
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show the median, the whiskers and the confidence interval. The Kolmogorov-Smirnov test 
showed no normal distribution for silty texture (overall mean), silty (permanent), silty 
(mowing) and sandy texture (overall mean). For all other treatments and for the clayey 
texture, the distributions were all normal which is also confirmed in the different box plots.  
 
 
Table 2.16. SOC stock with standard deviation in t C ha-1 for different managements and soil 
textures at 0-60 cm for agricultural grassland in Flanders. The same letter in a column means 
not significant different (a, b, c between grazing, mowing + grazing and mowing and d, e 
between temporary and permanent)  
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing + Grazing 
 
Mowing 
 
Permanent 
 
Temporary 
 
Overall mean 
 
163 ± 42 a 
 
150 ± 49 a 
 
98 ± 10 b 
 
157 ± 45 d 
 
104 ± 16 e 
 
151 ± 49 
 
109 ± 36 a 
 
96 ± 27 c 
 
84 ± 20 bc 
 
99 ± 34 d 
 
98 ± 26 d 
 
98 ± 30 
 
132 ± 46 a 
 
113 ± 34 ab 
 
90 ± 29 b 
 
117 ± 44 d 
 
117 ± 34 d 
 
118 ± 38 
 
 
For agricultural grassland, the trends found for the SOC concentrations (at all depths) between 
grazing, mowing + grazing and mowing were also found in the SOC stocks (the bulk density 
did not change the overall results). The SOC concentrations for permanent grasslands were 
for all soil textures higher than for temporary grasslands. However, for the silty and the sandy 
soil texture (Table 2.16.), the SOC stocks were similar for both permanent and temporary 
grass. Only for the clayey texture, the difference between permanent and temporary grassland 
was significant. The bulk density for permanent was lower than that of temporary grassland 
for all soil textures, so that is not the explanation. Similar results for both the silty and the 
sandy texture can be explained by the fact that the differences between permanent and 
temporary for the SOC concentration were only significant for the layer 0-10 cm and not for 
the deeper layers whereas for the clayey texture, the differences between permanent and 
temporary was significant at all depths. So, when the SOC concentrations at some depths 
were somewhat higher but not significant or similar, then the trend disappeared when 
converting SOC concentration to SOC masses. 
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Figure 2.2 Box plots for agricultural grassland for the different soil textures and for different managements 
(1=general; 2=grazing; 3=mowing + grazing; 4=mowing; 5=permanent; 6=temporary) with median, whiskers 
and confidence intervals (black shaded)  
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2.3.3.2. Natural grassland 
 
Bulk density 
Mean bulk densities were also measured for the different management types applied on 
Flemish natural grasslands (Table 2.17.). For some types of management, no values were 
available or not enough data points were available. Also here for the sandy texture, temporary 
grassland had a higher mean bulk density at every depth than permanent grassland. 
There were no clear trends due to the relatively limited number of samples taken. For the 
natural grasslands, there were no significant differences between the different managements 
for all depths. For the natural grasslands, only with the silty texture for the depth 0-10 cm, a 
significant difference was found between grazing + mowing and grazing. There were no 
significant differences for the other soil textures.  
 
Table 2.17. Soil bulk density with standard deviation in g cm-3 for different managements and 
soil textures at three depths for natural grassland in Flanders 
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing + Grazing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Mowing 
0-10 cm 
10-30 cm 
30-60 cm 
 
Permanent 
0-10 cm 
10-30 cm 
30-60 cm 
 
Temporary 
0-10 cm 
10-30 cm 
30-60 cm  
 
Overall mean 
0-10 cm 
10-30 cm 
30-60 cm 
 
 
0.49 ± 0.06        
1.09 ± 0.12 
1.13 ± 0.22 
  
 
 0.78‡ 
 1.41‡ 
 1.55‡ 
 
 
0.53 ± 0.07 
1.00 ± 0.09 
0.79 ± 0.14 
 
 
0.54 ± 0.11 
1.10 ± 0.17 
1.03 ± 0.33 
 
 
 
 
 
 
 
0.54 ± 0.11 
1.10 ± 0.17 
1.03 ± 0.33 
 
 
0.79‡ 
1.27‡ 
1.39‡ 
 
 
1.12* ± 0.44 
1.48* ± 0.09 
1.39* ± 0.01 
 
 
1.51 ± 0.06 
1.69 ± 0.08 
1.47 ± 0.11 
 
 
1.26 ± 0.36 
1.55 ± 0.18 
1.39 ± 0.01 
 
 
 
 
 
 
 
1.26 ± 0.36 
1.55 ± 0.18 
1.39 ± 0.01 
 
 
1.48 ± 0.15 
1.31 ± 0.40 
1.50 ± 0.20 
 
 
 
 
 
 
 
1.26 ± 0.33 
1.42 ± 0.11 
1.59 ± 0.02 
 
 
1.26 ± 0.43 
1.24 ± 0.33 
1.49 ± 0.19 
 
 
1.42 ± 0.12 
1.48 ± 0.14 
1.60 ± 0.04 
 
 
1.35 ± 0.28 
1.38 ± 0.25 
1.60 ± 0.03 
* = only two data points, ‡ = only one data point 
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SOC stock 
For the natural grasslands, the same trends as under agricultural grassland could not be found 
(Table 2.18.). For both the clayey and sandy texture, significant differences were found 
between grazing and mowing. However, for the clayey texture, mowing had a 36% higher 
mean SOC stock than grazing whereas for the sandy texture it was grazing with a 32% higher 
OC stock than mowing. Also here mowing + grazing showed higher mean SOC stocks 
compared to grazing for the clayey (+15%) and the silty (+17%) texture. Another notable fact 
is that under natural temporary sandy grassland, significant higher OC stocks (+32%) were 
measured than under permanent grass. 
For the clayey and silty texture, no temporary natural grasslands were available for sampling.  
For natural grasslands, the clayey texture had a mean stock of 151±66, the silty texture of 
109±30 and the sandy texture of 121±39 t C ha-1 (Figure 2.3a, b & c). The figures show the 
median, the whiskers and the confidence intervals. Only under the sandy texture, the OC 
stocks of grazing were not normal. For all other treatments and for both the clayey and silty 
texture, the distributions were normal. 
 
Table 2.18. SOC stocks with standard deviation in t C ha-1 for different managements and soil 
textures at 0-60 cm for natural grassland in Flanders. The same letter in a column means not 
significant different (a, b between grazing, mowing + grazing and mowing and d, e between 
temporary and permanent)  
Clay texture Silt texture Sand texture  
Management mean ± sd mean ± sd mean ± sd 
 
Grazing 
 
Mowing + Grazing 
 
Mowing 
 
Permanent 
 
Temporary 
 
Overall mean 
 
123 ± 39 a 
 
142 ± 47 ab 
 
167 ± 62 b 
 
151 ± 66 
 
 
 
151 ± 66 
 
94 ± 16 a 
 
110 ± 31 a 
 
109 ± 31 a 
 
109 ± 30 
 
 
 
109 ± 30 
 
155 ± 72 a 
 
 
 
117 ± 29 b 
 
104 ± 30 d 
 
137 ± 33 e 
 
121 ± 39 
 
 
For natural grasslands, the same trends between the different managements were found in 
SOC concentrations and in SOC stocks only for the sandy texture. The difference between 
permanent and temporary for the SOC concentration was not significant. However, higher 
SOC concentrations were found at all depths and because the bulk density for permanent 
grassland was smaller than for temporary, the trend became significant for the SOC stock to 
60 cm. For the clayey texture, the SOC concentration was at all depths significantly higher 
under mowing than under grazing and mowing + grazing and grazing had higher SOC 
concentrations than mowing + grazing. However, this trend was not observed anymore in the 
SOC stocks. The significance between grazing and mowing was also found for the OC stocks 
Chapter 2 
 
 
 53
but grazing did not have anymore higher SOC stocks compared to mowing + grazing. This 
was due to the lower bulk density under grazing. However, it is doubtful that, in reality, 
mowing + grazing has a higher OC stock because the OC stocks were calculated with a bulk 
density from only one data point. 
Also for the silty texture, the trends observed for the SOC concentration differ from the ones 
seen for the OC stock. Grazing and mowing + grazing had similar OC concentrations but the 
OC stocks for grazing were lower (but not significant) due to lower bulk densities. Also here 
caution is necessary because the bulk densities are based on only one and two data points for 
respectively grazing and mowing + grazing. In spite that mowing had lower SOC 
concentrations (for the 0-10 cm layer) than the other treatments, its OC stock in the soil is (not 
significantly) higher. Looking at the bulk density under mowing it is clear that it is the major 
factor influencing the OC stocks. 
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Figure 2.3 Box plots for natural grassland for different soil textures and different managements (1=general; 
2=grazing; 3=mowing + grazing; 4=mowing; 5=permanent; 6=temporary) with median, whiskers and confidence 
intervals (black shaded) 
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2.3.4. Discussion 
 
Table 2.19. shows a comparison between the significant differences found between OC stocks 
calculated with an overall mean bulk density or with specific bulk densities. Both Table 2.19. 
and Section 2.2.1. (per agro-pedological region) makes it clear that depending on the 
approach used to organise and calculate data, different conclusions can be drawn. Arranging 
data according to agro-pedological regions can be useful if there is a request for that kind of 
information (e.g. farmers, policy makers) but the risk for large standard deviations is real. 
Using constant bulk densities compared to specific bulk densities led to 7% higher standard 
deviations for both agricultural and natural grasslands. 
The results and conclusions found here confirm the results found by Kätterer & Andrén 
(1999). Moreover, our results and the results of Kätterer & Andrén (1999) suggest that using 
specific bulk densities for the conversion of SOC concentrations to SOC stocks (mass) will 
lead to more accurate and realistic data. Therefore, it is advisable to work with data which are 
as precise as possible and it can be concluded that the more assumptions and generalizations 
are made, the less accurate data will be obtained. 
 
Table 2.19. Significant differences found in SOC stock (0-60 cm) between different 
management treatments for different approaches for both agricultural and natural grassland 
 With overall mean bulk density With specific bulk density 
Textures Trends Trends 
 
Agricultural grassland 
clayey texture 
 
 
 
Sandy texture 
 
 
 
Silty texture 
 
 
Natural grassland 
Clayey texture 
 
 
Sandy texture 
 
 
Silty texture 
 
 
grazing>mowing 
mowing + grazing>mowing 
permanent>temporary 
 
grazing>mowing 
mowing + grazing>mowing 
permanent>temporary 
 
no significant differences 
permanent>temporary 
 
 
grazing<mowing 
mowing + grazing>mowing 
 
no significant differences 
 
 
no significant differences 
 
 
grazing>mowing 
mowing + grazing>mowing 
permanent>temporary 
 
grazing>mowing 
 
 
 
grazing>mowing 
grazing> mowing + grazing 
 
 
grazing<mowing 
 
 
grazing>mowing 
permanent<temporary 
 
no significant differences 
 
 
Higher amounts of OC in the soil under grazing (compared to mowing) have already been 
found by Hassink & Neeteson (1991), Van den Pol Van Dasselaar & Lantinga (1995) and 
Schuman et al. (1999). According to Soussana et al. (2004a), under conditions prevailing in 
Europe, grazing often increases C accumulation compared to mowing. 
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In our study, the difference between grazing and mowing alone on a clayey soil under 
agricultural grassland was 65 t C ha-1 (0-60 cm), 25 t C ha-1 on silt and 42 t C ha-1 on sand. In 
natural grasslands, the difference between mowing alone and grazing was -87 t C ha-1 
(mowing had a higher SOC stock), -15 t C ha-1 and 38 t C ha-1 on respectively a clayey, silty 
and sandy texture. For agricultural grassland, significant difference between grazing and 
mowing was found for all textures. For natural grasslands, the same trend was only found for 
the sandy texture. Under clayey texture, the mowing treatment had much higher mean SOC 
stocks compared to the other soil textures. This could be explained by the location of the 
fields. All mown fields on a clayey texture were fields which were very wet. They were lying 
in the floodplain of a river or stream and were flooded for a large part of the year. As a 
consequence, all these fields were permanent grasslands and because of the restricted aeration 
and/or anaerobic conditions for long periods of time, the OM was decomposed at a slower 
rate. For the grazed and mown + grazed fields in nature reserves on a clayey texture, both wet 
and dry fields were sampled, although they were still in permanent grass. For agricultural 
grasslands most of the grazed fields were in permanent grass. Most of the mown grasslands 
were temporary. Furthermore, we also found that only 21% of the agricultural grasslands 
were on wet soils (due to high water tables or due to a location in flooding areas); whereas 
within nature reserves 50% of the grasslands were on wet soils.  
For agricultural grasslands, the permanent grassland had higher mean OC/OM concentrations 
than temporary grasslands, because SOM is relative quickly lost with ploughing due to higher 
mineralization rates.  
Perennial grasses are adapted to grazers by 2 mechanisms (van Eekeren et al., 2003). First, 
growing points are low to the soil so that they are not damaged by grazing. Second, by the 
storage of energy reserves in the root system so that new shoots can be provided by new 
energy after grazing. The possible reasons for higher OM concentrations under grazing than 
under mowing are: i) ungrazed plant litter and faeces are left on the field with grazing and so, 
more OM goes back into the soil under grazing  (Hassink & Neeteson, 1991; Van den Pol 
Van Dasselaar & Lantinga, 1995; Saggar & Hedley, 2001); ii) the animal traffic in the grazed 
treatments may enhance physical breakdown, soil incorporation and the decomposition rate of 
litter (Schuman et al., 1999), iii) higher transfer of net primary production to belowground 
plant parts (Schuman et al., 1999) and iv) higher stubble production under grazing (Van den 
Pol Van Dasselaar & Lantinga, 1995). van Eekeren et al. (2003) mention in their study a more 
detailed reason for higher OC concentrations under grazing: under moderate grazing, the grass 
is kept on an average leaf length of 7-8 cm and next to this constant leaf area, the grass is 
stimulated to produce more shoot under grazing. Under a low crop length it is possible to 
create a maximal leaf area leading to a maximal photosynthesis of the grass sward. So it is not 
necessary to claim for reserves in the roots for new shoots. Under mowing and sometimes 
also under mowing + grazing, the grass will invest in stem production, flowering and seed 
production which is at the expense of the root system. However, attention must be paid to 
overgrazing because then the root reserves are exhausted. Under mowing, a large part of the 
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primary production is exported from the field as hay or silage and a smaller part of the 
assimilated C is translocated to the roots and stubble (Van den Pol Van Dasselaar & Lantinga 
1995). Kuikman (1996) claims that, if frequent cutting results in translocation of C from the 
roots to the shoots, there will be less C present belowground with mowing. If there are more 
aboveground losses of C, more C is invested in the shoots and the C in reserve in the roots is 
mobilized to compensate for the aboveground losses in C. Without cutting the grass, the 
distribution of assimilates would depend on the physiological stage of the growing plant. 
Wolf & Janssen (1991) found that 40% of the total dry matter was distributed to the roots and 
stubble residues for mown grasslands, whereas for grazed grasslands 47% of the total dry 
matter was distributed to roots and stubble residues.  
The influence of mowing + grazing has, to our knowledge, not been investigated. 
Nevertheless, as could be expected, intermediate values between grazing and mowing for the 
mean SOC stock were found for the mowing + grazing treatment. 
There appears to be an overall trend of decreasing SOC stocks in the order of clay > sand > 
silt. Normally, we would expect that the silty texture had higher SOC stocks than the sandy 
texture (Leinweber & Reuter, 1992). According to Hassink et al. (1993) clayey soils have 
higher stocks than silty soils and silty soils should have higher stocks than sandy soils. The 
reason is that for a clayey texture the organic matter is physically protected mainly through 
the location of OM within small pores of soil aggregates which are inaccessible for microbes. 
In sandy soils, the OM is only protected by its association with clay particles (through 
adsorption of OM to the surface of clay minerals or by coating the OM to clay particles), 
whereas for silty soils, both mechanisms (location within small pores and association with 
clay particles) play a role. The observation of higher SOC stocks in sandy soils than in silty 
soils could be due to the farming practices applied on these soils. As clayey soils have a good 
protection capacity and silty soils already a good soil structure from origin, farmers apply 
large amounts of organic matter on their sandy soils to compensate for the, in general, smaller 
SOC stocks in these soils. Historically, farmers supplied large amounts of manure to these 
soils which explains why sandy soils have larger amounts of SOC compared with soils of silty 
texture.  
In clayey and silty soils, the primary factor determining bulk density is the clay and silt 
content. These soil particles contribute to the construction of soil aggregates and soil structure 
by their electrical charge and interaction with inorganic and organic compounds. In sandy 
soils, the amount of OM in the soil is the primary factor determining bulk density. Under a 
similar amount of OM in the soil, higher bulk densities can be expected under clayey and silty 
soils as compared to sandy soils. However, significant higher amounts of OM under clayey 
and silty soils can compensate for the higher specific gravity of the mineral fraction in these 
soils. This means that bulk densities under clayey and silty soils can be lower than under 
sandy soils.  
As was shown in Section 2.3.5., the relation between bulk density and organic matter is 
negative which means that bulk density decreases with increasing concentration of OM.  
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In Tables 2.15. and 2.17., the influence of management on bulk density is shown. Hassink & 
Neeteson (1991) found significant higher bulk densities for grazing than for mowing. In sandy 
and silty soils in The Netherlands, the bulk density in the grazing fields was 6 to 7% higher 
than those for mown fields. One would expect that with grazing, as a result of trampling, the 
soil will compact more compared to mowing. Nevertheless, in this study, we found higher 
bulk densities for mowing than for grazing. However, it is difficult to accept that cattle will 
cause more damage than the heavy machinery necessary to make several cuts a year. The 
trampling of cattle is mostly not deep into the soil and the damage is easily restored. But 
mostly, heavy machinery (even when the weight is spread out over a large surface) always 
move on the same places in the field and they cause compaction even within the lower soil 
profile layers (van Hattum, 2005). This damage of soil structure is restored only slightly or 
even not at all, leading to more compaction and higher bulk densities. However, grazing 
under bad conditions (too wet or too young sward) can also cause a lot of damage to the 
sward. Moreover, for agricultural grasslands on all three soil textures, higher SOC 
concentrations were found for the grazed compared to the mown parcels. Because OM is the 
parameter mostly influencing bulk density, bulk densities are expected to be lower for grazing 
than for mowing. This also explains why for natural clayey grasslands the bulk density for 
mowing is lower than for grazing. For natural grassland, on a clayey texture, higher amounts 
of OM were found for mowing compared to grazing. This was due to the fact that all mown 
fields on a clayey texture were very wet fields.  
The higher bulk densities for temporary grassland compared to permanent grassland can be 
similarly explained. More damage and compaction with temporary grassland (due to more 
breaking up, ploughing and resowing) and the lower OM content explains the higher bulk 
densities. Moreover, in Flanders most of temporary grasslands are mown whereas most of the 
permanent ones are grazed. 
Finally, the influence of the used management on bulk density will be strongly depending on: 
i) the amount of OM, ii) moisture content at the time of compaction and iii) diversity and the 
history of the sampled parcels. 
 
 
2.3.5. Comparison between agricultural versus natural grassland 
 
It was also investigated whether significant differences could be found between agricultural 
and natural grasslands. For the clayey texture, the SOC concentrations were significantly 
lower under agricultural grassland at all depths. However, there was no significant difference 
between both SOC stocks (to 60 cm). For both the silty and sandy texture, there was a 
significant difference between agricultural and natural grassland for the layer 0-10 cm but not 
for the other depths and also not for the SOC stock to 60 cm. This observation can be 
explained by the fact that a few of these natural grasslands have been under agricultural use 
for many years and are under natural practice only since some years. 
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2.3.6. Linear regressions for predicting bulk density   
 
Linear regressions (Table 2.18.) were calculated in order to check the possibility for 
predicting bulk density when it is not measured in the field. The linear regression, determined 
for the sandy soil texture for natural grasslands, was not significant. All other linear 
regressions were significant and had a R² value ranging between 27% and 59%. For all 
calculated linear regressions, it was clear that the relation between bulk density and organic 
matter was negative. This means that bulk density increases with decreasing organic matter 
content and, because of the negative relation between organic matter content and depth.  
The variance of residuals of all linear regressions for agricultural grasslands was reasonably 
constant (Figure 2.4.). If the points in the plot ‘residuals vs. predicted values’ diverge more 
from the zero line (dotted line) from left to right, the variance of the residuals is not constant. 
This is not the case for the plots in Figure 2.4. Next, to validate the linearity, the plots 
‘predicted vs. observed values’ were constructed (Figure 2.5.). If the model is linear, the 
points should be scattered randomly around the diagonal (dotted line). If systematic 
deviations are observed with respect to the diagonal, the model is not linear. Also, for the 
‘agricultural’ regressions, the points were randomly dispersed around the diagonal, so 
linearity is fulfilled. For the regressions of the natural grasslands, the variance was constant 
and linearity was fulfilled for all regressions, except for the sandy texture. The plots for the 
natural sandy texture reflect the non significance of the linear regression. 
 
 
Table 2.18. Regression analyses for bulk density on all soil textures together and for the 
different soil textures with multiple R² and significance level (P) 
Category Regression R² P 
 
Agricultural grassland 
 
All soil textures 
 
Clay 
 
Silt 
 
Sand 
 
 
Natural grassland 
 
All soil textures 
 
Clay 
 
Silt 
 
Sand† 
 
 
 
 
BD = 1.6069 – 0.0889 x OM + 0.0017 x Clay% 
 
BD = 1.6053 – 0.0861 x OM 
 
BD = 1.6507 – 0.1119 x OM 
 
BD = 1.7229 – 0.1635 x OM 
 
 
 
 
BD = 1.6516 – 0.0958 x OM - 0.0065 x Clay% 
 
BD = 1.3943 – 0.0955 x OM 
 
BD = 1.6525 – 0.1460 x OM 
 
BD = 1.5893 – 0.0588 x OM 
 
 
 
0.29 
 
0.27 
 
0.40 
 
0.55 
 
 
 
 
0.59 
 
0.42 
 
0.44 
 
0.18 
 
 
 
*** 
 
*** 
 
*** 
 
*** 
 
 
 
 
*** 
 
** 
 
** 
 
0.08 
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†= not significant at P<0.05; *<0.01; **<0.001; ***<0.0001; BD = bulk density; OM = organic matter 
The multiple regression analyses showed that bulk density was related to OM and clay% (in 
the case of all textures together). Due to the use of a stepwise regression, parameters/variables 
which do not contribute to the regression validation were left out. 
Among the particle size fractions, the clay content had the strongest effect on bulk density and 
no improvement of the regression was made when adding silt, sand or a combination of the 
fractions to the stepwise regression. As can also be seen from the Belgian Soil Classification 
(Ameryckx et al., 1995), the clay, silt and sand fractions for agricultural grassland were 
strongly correlated (rclay-silt= 0.92, rclay-sand= -0.93, rsilt-sand= -0.95). This was also found by da 
Silva et al. (1997). For natural grassland, the fractions were correlated as rclay-silt= 0.86, rclay-
sand= -0.84, rsilt-sand= -0.94. Because sand and silt are strongly correlated, one of them had to be 
removed out of the stepwise regression. The silt fraction was more correlated with the clay 
fraction than with the sand fraction and therefore, the silt fraction was removed. The OM had 
the strongest effect on bulk density (the higher the t value the stronger the effect on bulk 
density). Clay content had a smaller effect on bulk density. Moreover, the relationship 
between clay and bulk density was not as conclusive as the relation between bulk density and 
OM. da Silva et al. (1997) and Bernoux et al. (1998) found a negative relation between bulk 
density and clay. In this study, a negative relation was found between clay and OM for 
agricultural grasslands but for natural grasslands, the relation was positive. 
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2.3.7. Determination of the organic carbon concentration by NIRS 
 
The SEL of the reference analyses was 2.25 g OC kg-1 soil. In Table 2.1., the statistics of the 
wet chemical reference analyses of the organic C are presented. In general, a good variation is 
found which was necessary to build an accurate NIRS calibration. The natural grasslands 
showed a bigger variation in organic C concentration compared to the agricultural grasslands. 
Within each grassland type, the clayey soils have the highest variation, the sandy soils the 
lowest variation in OC.   
Figure 2.6. shows the NIRS spectrum of an average soil sample. Three major absorption 
peaks are present, one at around 1400, one at 1900 and one at 2200 nm and a few small peaks 
can be distinguished between 2200 and 2500 nm. The strong peaks at 1400 and 1900 nm are 
related to free water, whereas at 2200 nm lattice water is absorbing (Couillard et al., 1997). 
The spectral response of soil organic matter is very complex but multivariate calibration 
techniques have been used successfully to determine several soil parameters (Chang & Laird, 
2002).  
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Figure 2.6. NIRS spectrum of an average soil sample 
 
In Table 2.2., the statistics of the tested global calibrations are presented. In general, no best 
mathematical treatment exists. Trial and error is the way to find the optimal calibration model 
in NIRS technology (Westerhaus, 1989). Often spectral data pre-treatments are necessary to 
correct for scattering effects due to particle size (Pasikatan et al., 2001). For the soil samples, 
no scatter correction was required. From Table 2.2., it is also concluded that, if derivative 
spectra are used, less PLS terms in the calibration equations are required (13 to 15 terms for 
no derivative, 11 or 12 for the first and 9 to 12 for the second derivative). The best calibration 
was found with the first derivative (1,4,4) of the spectra without scatter correction. For this 
calibration the SEC, SECV and SEP are respectively 3.70, 3.90 and 3.95 g OC kg-1soil with 
use of 12 PLS terms. The determination coefficient was 0.89 for the calibration and 0.88 for 
the validation sample set. The RPD, which indicates the performance of a calibration 
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independent of units, was 2.9. This is acceptable for NIRS analysis (Williams & Sobering, 
1996). In Figure 2.7., the linear relationship between the NIRS predicted and the by reference 
analysis determined organic C is presented for the validation sample set. To have a good 
regression analysis, the residuals have to be constant. Figure 2.8. shows that these residuals 
are not fully constant, probably because of problems with samples with a higher OC 
concentration. Also the reference method has problems with these samples. Moreover, if their 
would be more samples available, especially with higher OC concentrations, the residuals 
would be more constant.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7. Relationship between the NIRS predicted (global calibration) and by reference 
analysis determined organic C for the validation samples (SEP=3.95 g OC kg-1soil, R²=0.88) 
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Figure 2.8. Scatterplot of the fitted values plotted against the residuals 
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To establish local or specific calibrations by dividing up the samples according to the 
grassland type (agricultural or natural), the best mathematical handling model from the global 
calibration (1,4,4) without scatter correction, served to develop the models. If the samples are 
separated, an improvement of the calibration statistics was found (Table 2.20.) with exception 
of the clayey set of natural grassland. These samples have in general a high OC concentration 
(Table 2.1.). Also the wet chemical reference determination method is less accurate for higher 
levels of C content (Batjes, 1996). Compared to the global calibrations, less PLS terms are 
required (5 to 11 for local and 12 for global). 
 
 
Table 2.20. Statistics of the global and local NIRS calibrations for total OC (A=agricultural 
area; N=nature conservation area; n=number of calibration samples; SEC and SECV=standard 
error of respectively calibration and cross-validation; R²=determination coefficient)  
Soil type Area n SEC R² SECV PLS-terms 
       
clay + silt + sand A + N 1012 3.70 0.89 3.90 12 
       
clay + silt + sand A 751 3.17 0.90 3.42 11 
clay A 148 3.00 0.94 3.32 7 
silt A 321 2.36 0.93 2.62 8 
sand A 279 2.69 0.89 3.15 9 
       
clay + silt + sand N 259 5.00 0.90 5.30 8 
clay N 96 5.77 0.94 7.91 9 
silt N 74 2.75 0.91 3.56 7 
sand N 105 3.34 0.88 3.56 5 
 
 
For the validation sample sets, three series of statistics were calculated depending on whether 
the global (1), the local calibration based on agricultural or natural grasslands (2) or sample 
type specific calibrations (3) were used to predict the validation samples (Table 2.21.).  
Separating the samples improved SEP and RPD compared to the validation results based on 
the global calibration. For the agricultural grasslands, SEP improved with 5.8% from 3.64 to 
3.44 g OC kg-1soil and for natural grasslands with 7.7% from 6.30 to 5.85 g OC kg-1soil. 
Dividing up samples in texture groups  improved SEP in agricultural grasslands for clayey, 
silty and sandy sample groups respectively with 7.6% (from 3.84 to 3.57 g OC kg-1soil), 6.0% 
(from 3.16 to 2.98 g OC kg-1soil) and 8.6% (from 3.79 to 3.49 g OC kg-1soil) whereas SEP for 
natural grasslands, improved with 17.3% for clayey (from 8.48 to 7.23 g OC kg-1soil), 28.5% 
for silty (from 3.70 to 2.88 g OC kg-1soil) and 2.7% for sandy samples (from 3.81 to 3.71 g 
OC kg-1soil). 
For the agricultural grasslands as well as for the natural ones, the lowest SEP was found in the 
silty set (SEP3  is respectively 2.98 and 2.88 g OC kg-1soil) followed by the sandy set (SEP3 is 
respectively 3.49 and 3.71 g OC kg-1soil). The clayey sets showed the highest prediction error 
(SEP3 is respectively 3.57 and 7.23 g OC kg-1soil). On the other hand, the variation in the 
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clayey groups was larger than in the silty and sandy sets. As a result of both effects, the 
performance of the clayey sets is superior to the silty and sandy sets (RPD was respectively 
3.6, 3.1 and 2.3 for the agricultural and 3.5, 3.4 and 3.2 for the natural grassland sets).  
This study also showed the ability of NIRS to predict the organic carbon concentrations in 
soils with acceptable accuracy for screening purposes. However, a global calibration is less 
accurate compared to more local or specific calibrations based on soil texture and grassland 
type (agricultural or natural). 
 
 
Table 2.21. Validation statistics of the local calibrations for total organic carbon (n=number 
of validation samples; SEP=standard error of prediction; R²=determination coefficient; 
RPD=ratio of the standard deviation to the SEP of the validation set; 1prediction on basis of 
the global calibration; 2prediction on basis of the area originating calibration, 3prediction on 
basis of the soil type calibration) 
Soil type Area n SEP 1 R² 1 RPD 1 SEP 2 R² 2 RPD 2 SEP 3 R² 3 RPD 3
            
clay + silt + sand A 391 3.64 0.88 2.9 3.44 0.90 3.1    
clay A 80 3.96 0.90 3.2 3.84 0.91 3.3 3.57 0.93 3.6 
silt A 163 3.68 0.86 2.5 3.16 0.89 2.9 2.98 0.90 3.1 
sand A 143 3.82 0.78 2.1 3.79 0.78 2.1 3.49 0.81 2.3 
            
clay + silt + sand N 122 6.30 0.86 2.6 5.85 0.88 2.8    
clay N 36 8.93 0.83 2.8 8.48 0.89 3.0 7.23 0.94 3.5 
silt N 25 4.07 0.84 2.4 3.70 0.86 2.7 2.88 0.93 3.4 
sand N 48 4.30 0.91 2.9 3.81 0.91 3.1 3.71 0.91 3.2 
 
 
 
2.4. Conclusion and recommendations 
 
Clear trends in C stock were found between management and soil textures for both 
agricultural and natural grasslands, although the differences were not always significant. A 
large number of fields are required before overall conclusions can be drawn. Overall, grazing, 
permanent grassland and clayey textures had the largest mean SOC stocks. Even though the 
agricultural and natural grasslands were quite different in use and plant diversity, there was no 
significant difference in mean SOC stock between the two grassland types. 
The total SOC concentrations could be increased or maintained by encouraging management 
practices which enhance C sequestration such as grazing and permanent grassland. Permanent 
grassland is described in the EU-Directive 796/2004 as grassland that is not incorporated in 
crop rotation for at least 5 years. The Flemish Government follows this directive and 
postulates in the cross compliance of the Mid Term Review: the farmer can only cultivate 
permanent grassland if it is compensated by an equivalent area of permanent grassland which 
is maintained for at least five years. However, because the storage of OM in the soil is a very 
slow process (see also field experiments), enormous amounts of SOC are lost each time the 
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grass is ploughed. Organic carbon in the soil is lost faster and easier with ploughing than the 
reverse process of C sequestration. It is impossible to recover the amount of C lost by 
maintaining grassland during 5 years. Besides, with good agricultural and environmental 
practices, the Flemish Government mentions that the OM in the soil must be maintained by 
suitable practices. However, as the cross compliance is now described, more OM will be lost.  
The atmosphere, soil, vegetation and management applied (i.e. grazing, mowing, fertiliser 
use) all interact with each other. Therefore, management measures cannot be judged on their 
potential to store C without taking into account the fluxes of other greenhouse gases 
(especially N2O and CH4). Grazing should enhance the C sequestration but it can also lead to, 
compared to mowing, higher emissions of N2O and CH4 as well as a higher NO3- leaching 
potential which is also limited to preserve drinking water and to resist eutrophication of water 
and soil. Another contrasting factor is the application of fertilisers. Different studies have 
investigated the influence of fertiliser use on the sequestration of C in the soil but they 
provide no unanimous results. Fertilisers also give a lot of advantages for the farmers but they 
have a strengthening effect on emission of N2O, leaching of NO3- and production of CH4 
(more N, more production so more animals on the grassland). It also leads to a decrease in the 
biodiversity of ecosystems and its role for C sequestration is not clear. On the other hand, 
permanent grassland has fewer emissions than temporary grassland. Therefore, grazed 
permanent grassland with low fertilisation could be the best combination for the environment 
and agriculture. 
As much as half of the climate change mitigation options could be lost when increasing 
emissions of other greenhouse gases (N2O + CH4) are included (Smith et al., 2004b). Within 
the EU, grasslands are likely to be a net sink of CO2 but a source of N2O (from fertilising and 
manuring soils) and of CH4 (mainly from enteric fermentation from ruminants) (Soussana et 
al., 2004b). However, there is a potential within the EU to reduce the net greenhouse gas flux 
expressed as CO2 equivalents. For reducing N2O emissions, there should be a better fertiliser 
use and water management. For reducing CH4 emissions, there is a potential within livestock 
and manure management. According to Arrouays et al. (2002), C stock enhancing practices of 
permanent grassland are a decrease in intensification of highly fertilised grass and a moderate 
intensification of poor grassland. For temporary grassland, the best option is prolonging the 
lifespan of the cover. Additional advantages of pursuing strategies to increase soil C are the 
added benefits of improved soil quality for improving agricultural productivity and 
sustainability (Paustian et al., 1997).  
This study also showed the ability of NIRS to predict the organic carbon concentrations in 
soils with acceptable accuracy for screening purposes. However, a global calibration is less 
accurate compared to more local or specific calibrations based on soil texture and grassland 
type (agricultural or natural). Dividing up the samples into agricultural and natural grasslands, 
improved SEP respectively with 5.8 and 7.7%. Separating samples in texture groups (clay, 
silt, sand) improved SEP for agricultural grasslands with on average 7.4% and for natural 
grasslands with 16.2%. The performance of the clayey calibrations were better than the silty 
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calibrations which performed better than the sandy calibrations. For routine analyses, a large 
database was developed. Nevertheless, regular validation and updating of the calibrations 
with new soil samples, is necessary. 
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Chapter 3: Soil organic carbon stocks in different grassland 
ecosystems in Flanders 
 
3.1. Introduction 
 
Besides efforts to reduce their emission of greenhouse gases, countries can also reach their 
targets (during the first commitment period 2008-2012) by enhancing carbon (C) 
sequestration in soils. Articles 3.3 and 3.4 of the Kyoto Protocol allow C sequestration in 
terrestrial ecosystems. Article 3.3 allows net changes in greenhouse gas emissions through 
changes in land use, more specifically by deforestation, reforestation and afforestation. 
Article 3.4 allows net changes in greenhouse gas emissions through additional human 
induced activities in agricultural soils, forest management and revegetation.  
As such, C sequestration in agricultural soils becomes a potentially suitable mechanism to 
ensure compliance with the EU’s obligations to reduce their greenhouse gas emissions 
(ECCP, 2003). The European Climate Change Programme (2003) mentions an overall 
potential for greenhouse gas mitigation by agricultural soils via C sequestration up to 60-70 
Mt CO2 yr-1 during the first commitment period. This corresponds to 1.5-1.7% of the EU’s 
anthropogenic CO2 emissions and to 19-21% of the total reduction of 337 Mt CO2 yr-1 to 
which the EU is committed during that period. Overall, soils of agro-ecosystems are C 
depleted and represent a potential CO2 sink. According to Paustian et al. (1997), temperate 
industrialized countries have the largest capacity to pursue C sequestration strategies. In 
general, grasslands have more SOC belowground and are far more important for C 
sequestration in soils (Batjes, 1999; Hougthon et al., 1999; Potter et al., 1999; Römkens et 
al., 1999; Pulleman et al. 2000; Lobe et al., 2001; Vleeshouwer & Verhagen, 2002) and 
vegetation (roots, stubble and standing vegetation below mowing/grazing level) than 
cropland. The longer vegetation period of grasses leads to an additional C allocation 
belowground (2,200 kg C ha-1 yr-1 for grasses in relation to 1,500 kg C ha-1 yr-1 for cereals) 
(Kuzyakov et al., 2000 & 2001). Moreover, grasslands are not ploughed every year and the 
vegetation is perennial. Consequently, losses in C through mineralization are limited and 
there is a continuous input of plant material to the soil.  
To determine the possibilities of Article 3.4 and to assess the impact of land use and land use 
change activities, it is necessary to have accurate data on soil organic C (SOC) stocks for the 
Kyoto reference year 1990. Establishing a baseline C stock for 1990 is crucial, determining 
whether agricultural land is a sink or a source for C. In Belgium, this kind of information for 
grassland agro-ecosystems is absent. Even at European level, there is little information 
available for grasslands with regard to the total C sequestration potential of measures to 
increase SOC stocks in agricultural soils and of the limiting factors (ECCP, 2003).  
Moreover, SOC stocks in verges along roads, waterways and railways and in urban areas have 
never been reported. Nevertheless, as most verges and vegetation in urban areas are covered 
with grass, they could store considerable C.  
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Verges in Flanders have a high nature value. They can cover a large flora and fauna 
biodiversity (Zwaenepoel, 1993) because they form the last escape for many species from 
typical grassland and forest ecosystems and form an exceptional habitat. However, they are 
also influenced by human activities, such as disturbance of the soil profile for maintenance of 
roads and public facilities, agricultural practices in adjacent parcels, passing traffic and 
management practices on the vegetation. In the past, a lot of research has been carried out on 
the influence of management of verges on biodiversity. But, so far, no real estimate has been 
made of the total surface of verges in Flanders as well as of their total SOC stock. 
Twenty five percent of Flanders is classified as urban area of which a small percentage is 
green area (De Bruyn & Peymen, 2003). Nature in and around cities is dominated by 
grasslands and shrub vegetation. Although city parks generally result in a decline in nature 
value, they are still a major form of nature within a city. Urban areas differ from natural 
environments in several aspects such as temperature, rainfall (precipitation), humidity, 
aeration, air pollution, etc. (De Bruyn, 2001). Next to parks and gardens, sport fields, camping 
sites and playgrounds can also cover a considerable surface of grass and it would be 
interesting to determine their SOC stocks.   
However, calculation of SOC stocks is not an easy task. In the past, many authors have tried 
to provide SOC stocks for their countries as well as for different ecosystems, often with 
problems. For instance, Batjes (1996 and 1999), Defries et al. (2002), Guo and Gifford 
(2002), Kelly et al. (1997) and Smith et al. (2000a,b) were confronted with several problems 
related to extrapolation of C data to greater depths and with comparison of different databases 
or maps. The paper of Garnett et al. (2001) provides a good example of uncertainties and 
errors that can occur in national and global inventories. Smith et al. (2000a) needed to revise 
their estimates of the soil C stock of UK’s arable land because they had been overestimated 
(Smith et al., 2000b). As with other C inventories, there is uncertainty about the estimates of 
the size of vegetation and soil area and about the amount of C which is attributed to the 
different vegetation and soil types. Batjes (1999) mentions a number of factors complicating 
the accurate calculation of global soil C reserves and the SOC sequestration potential: 1) the 
limited reliability of areas occupied by different kinds of soils, 2) the limited availability of 
reliable, complete and uniform profile data of these soils, 3) the high spatial variability in C 
content, stoniness and bulk density of similar classified soils, 4) the limited comparability and 
precision of analytical methods used in different laboratories, 5) the effect of climate, relief, 
parent material, vegetation, land degradation and land use, and 6) the limited knowledge 
about processes and properties in relation to C dynamics.  
In this chapter, SOC stocks (1 m) for different grassland types in Flanders will be calculated. 
Also, the problems arising when extrapolating data from surface layers to greater depths will 
be discussed. 
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3.2. Material and Methods 
 
3.2.1. Climate and soil type 
 
Flanders is situated in the north of Belgium and has a temperate wet climate with a mean 
temperature of 9.8°C and mean annual precipitation of 780 mm (Royal Meteorological 
Institute, 2005).  
For grasslands, very detailed SOC data were available per agro-pedological regions. Also the 
area data are available per agro-pedological region. Therefore, the SOC stocks were 
calculated per agro-pedological regions and not according to the Belgian soil map. In this 
way, more uncertainty was excluded and the data (both SOC and area) matched. In Flanders, 
different agro-pedological regions are distinguished on soil type (dominant soil texture) and 
on the crops cultivated. The following agro-pedological regions (Figure 3.1.) were considered 
in order of appearance from the coast to the inland: the Dunes (sand), the Polders (clay), the 
Sandy region (sandy), the Sandy Loam Region (sandy loam), the Silt Region (loam), the 
Campines (sand) and the Pasture Area of Liege (loam).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1. Location of the different agro-pedological regions in Flanders 
 
 
3.2.2. Statistical analysis 
 
For all statistical analyses, S-plus 6.1 (Insightful Corporation, USA) was used. Summary 
statistics were used to calculate means and standard deviations. For normality testing, the 
Kolmogorov-Smirnov test was used and for variation testing the Levene test. Significant 
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differences between means were tested with the t-test and Anova and for the Post Hoc test, 
Tukey was used. Before the Anova was performed, the conditions of normality 
(Kolmogorov-Smirnov test) and equal variances (Levene test) was fulfilled. 
 
 
3.2.3. Distinction between ‘agricultural’ and ‘natural’ grassland  
 
The sampled grassland parcels were subdivided into agricultural and natural grassland based 
on: i) the use of fertilisers (not applied in nature reserves); ii) intensity of farming; iii) 
agricultural usefulness (natural grassland parcels are often located on locations which are not 
very interesting for agricultural use) and iv) plant composition and biodiversity. In Flanders, 
there are no more original natural grasslands; they are semi-natural grassland or grassland in 
transition to semi-natural grassland. Semi-natural grasslands are radically changed by human 
influence but the flora and fauna are totally spontaneous (De Blust et al., 1985).  
Furthermore, the surface of natural grasslands is not included in the determination of 
grassland area by the National Institute for Statistics (NIS). 
 
 
3.2.4. Soil organic carbon databases 
 
3.2.4.1. Database for Flemish agricultural grassland soils 
 
Three SOC databases were used to estimate SOC stocks in Flemish grasslands: 
- “Aardewerk database” (Van Orshoven et al., 1988). This database is the digital version of 
the Belgian National Soil Survey (1947-1962) and has profile analyses (on basis of different 
horizons) for different land uses on different soil types. The samples were analysed for C with 
the method of Walkley & Black (1934).  
This database was used to fill up the gap for the layers 60-80 and 80-100 cm in the database 
collected by the Department of Crop Husbandry and Ecophysiology. 
- Database of the Soil Service of Belgium (Hendrickx et al., 1992, Vanongeval et al., 2000). 
For 1990, in total 17,453 soil samples on grassland were taken between 1989 and 1991. For 
2000, 11,502 soil samples were taken between 1998 and 2000. Carbon data are also available 
for 1993 and 1996, but these data were only used for the evolution of the SOC data against 
time (see further). The C data, to a depth of 6 cm, were available as a mean (in percent SOC) 
for each postal code (communities within Flanders) with a standard deviation of the mean and 
classified according to the agro-pedological regions. If a community falls within two or more 
different agro-pedological regions, a mean with a standard deviation per agro-pedological 
region was available. SOC content of the samples was determined by an adjusted method of 
Walkley and Black. The SOC data for 1990 and 2000 were extrapolated to SOC contents of 1 
m depth.  
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For the communities for which no SOC data were available for 1990 or 2000, the following 
rules were used:  
1) first, it was determined whether or not there was a significant difference between the 
%SOC for 1990, 1993, 1996 and 2000 for every agro-pedological region. The 
communities, for which one of the data points was missing, were left out;  
2) if for a specific agro-pedological region, where a community with lack of SOC data is 
situated in, no significant differences were observed between 1990 and 1993 in SOC, 
then the data of 1993 or 1996 were used (depending on which one was available); 
3) the same procedure was followed when data for 2000 were missing. 
- Database collected by the Department of Crop Husbandry and Ecophysiology (Ministry of 
the Flemish Government), obtained during 2001-2003. More than 1,500 samples were taken 
at three different depths (0-10, 10-30 and 30-60 cm) in each agro-pedological region. 
Samples were air dried and sieved through a 2 mm sieve. SOC was determined by the method 
of Walkley and Black (1934) and a compensation factor of 4/3 was used for the incomplete 
oxidation (75%) to recalculate the OC to total OC content (Batjes, 1996). This database was 
used to estimate values of parameter k (which represents the exponential decrease of SOC 
with depth and which are needed for the extrapolation to 1 m depth) for the different agro-
pedological regions. 
 
 
3.2.4.2. Database for Flemish natural grassland soils 
 
For natural grassland, no organic C data were available for 1990 and for 2000. Therefore, soil 
samples were taken in natural grasslands in the different agro-pedological regions at 0-10, 10-
30, 30-60 and 60-100 cm in November and December 2003. On each parcel sampled, five 
main samples of each five sub samples were taken. The samples were analyzed with the same 
procedure as for the samples taken for the database of the Department of Crop Husbandry and 
Ecophysiology. Sampling occurred to a depth of 1 m because for natural grasslands there was 
no dataset available which could be used to extrapolate to 1 m.  
For the Dunes, the same SOC content as for the Campines was taken, assuming that both 
regions have a similar sandy soil texture. Also for the Silt region it was necessary to take the 
mean SOC content from another region because also here no samples were taken. For the silt 
region the SOC content from the Sandy loam region was used to calculate a total stock. This 
was justified because both regions have a similar silty soil texture. In this way, an estimation 
of the two regions where no samples were taken could be made.  
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3.2.4.3. Database for Flemish grass-covered verges 
 
Also for grass-covered verges, no organic C data were available for 1990 and 2000. 
Therefore, soil samples were taken in different types of verges in the different agro-
pedological regions. Per region, five random verges were sampled with 25 samples taken on 
each verge at different depths (0-10, 10-30 and 30-60 cm). The soil samples were analyzed 
with the same procedure as for the samples taken for the database of the Department of 
Husbandry and Ecophysiology. For the Dunes, no samples were taken. The SOC data from 
the Campines were also used for the Dunes. Indeed, both regions have a very similar sandy 
soil texture.  
Soil samples could only be taken to a depth of 60 cm due to the presence of public facilities 
(gas, water, electricity). However, to compare with SOC stocks of other terrestrial 
ecosystems, calculation to a depth of 1 m was necessary.  
 
 
3.2.4.4. Database for Flemish grass-covered urban land 
 
As for the natural grasslands and for grass-covered verges, also for grass-covered urban area 
no organic C data were available for 1990 and for 2000. To calculate the SOC stocks in 
gardens and parks as well as in recreation areas, the mean SOC contents of temporary 
agricultural grasslands (grassland younger than 5 years, EU-Directive 796/2004) of each agro-
pedological region were used. Soil samples were taken at three depths (0-10, 10-30 and 30-60 
cm) in temporary grassland in the different agro-pedological regions. The soil samples were 
analyzed with the same procedure as for the samples taken for the database of the Department 
of Crop Husbandry and Ecophysiology. The mean SOC contents for temporary grasslands 
were used, because it was assumed that the grass in gardens, recreation areas and sport fields 
is often resown. No soil samples were taken from the Dunes and the Pasture area of Liege. 
For the Dunes, the mean SOC contents of the Campines were used because both regions have 
a very similar sandy soil texture. The Dunes have a clear sandy texture and the Campines 
have mainly a clear sandy texture but also, in a smaller extent, a light sandy loam and a loamy 
sand texture. For the Pasture Area of Liege (only one community in Flanders), the mean SOC 
content of the Silt region was used. Both regions have a similar silty texture.  
 
 
3.2.5. Used area data 
 
3.2.5.1. Area data for Flemish agricultural grassland 
 
Grassland areas, permanent grassland as well as temporary grassland (grazing and mowing 
plus grazing) for each postal code (community) are published annually by the National 
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Institute for Statistics (NIS 1991 and 2001). The temporary grasslands which are only mown 
are included in cropland calculations (Sleutel et al., 2003b). The grassland areas for the 
different agro-pedological regions are shown in Table 3.1. 
 
 
Table 3.1. Area data (in ha) for agricultural grasslands of the different agro-pedological 
regions in Flanders 
Agro-pedological region Grassland area 1990 Grassland area 2000 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
Pasture area of Liege* 
53,788 
11,771 
21,679 
72,451 
73,458 
2,698 
2,327 
52,935 
11,412 
20,981 
68,724 
71,795 
2,488 
1,864 
* only one community 
 
 
3.2.5.2. Area data for Flemish natural grassland  
 
The total grassland area in nature reserves in Flanders was 2,113 ha on January 1st 2003 
(Nature Report, 2003). Detailed numbers on the surface of the nature reserves in the different 
agro-pedological regions are not available. Therefore, to determine the contribution of 
grasslands in nature reserves of the agro-pedological regions, an estimate of the distribution 
of the natural grasslands over the different agro-pedological regions was made. It was 
calculated how much agricultural grassland area was located in each agro-pedological region. 
This percentage for the different agro-pedological regions was multiplied by the total surface 
of natural grassland (Table 3.2.). As such, an estimate of the surface of grassland in nature 
reserves could be made for each agro-pedological region. 
 
Table 3.2. The contribution of agricultural grassland over the regions (%) and the area (in ha) 
for natural grasslands of the different agro-pedological regions 
Agro-pedological region Contribution (%) Surface of natural grassland 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
23 
5 
9 
31 
31 
1 
482 
105 
194 
649 
659 
24 
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3.2.5.3. Area data for Flemish grass-covered verges 
 
The length of roads, railways and waterways was determined by overlaying the Flemish Road 
Atlas (ground for GIS, KULeuven) and the Flemish Hydrographical Atlas with the 
administrative map (communities) for Flanders. For each community, it was possible to 
determine the length for each category of roads and waterways and the length of railways. 
The length for the different categories in Flanders is shown in Table 3.3. The extend of the 
verges covered with grass along roadsides was determined in the field by estimating the width 
of the different categories of roads (Table 3.3.). The width of verges on each side along 
railways was, according to the National Railway Company of Belgium (NMBS), on average, 
5.5 m, but a reduction factor of 0.50 was taken into account to compensate for parts grown 
with trees and shrubs (based on visual observations on different rail sections). For the 
waterways, the widths of the different categories can be seen in Table 3.3 (Source: Institute 
for Nature Conservation). To determine the total surface of the verges, the length and the 
width were taken into account. 
 
 
Table 3.3. Length (km) and width (m) with standard deviation (m) for the different categories 
of roads, waterways (Source: Institute for Nature Conservation, Brussels) and railways 
(Source: National Railway company of Belgium) in Flanders 
Category Length (km) for Flanders Width at one side (m) ± sd 
 
Motorways 
Roads like motorways 
Main roads 
Secondary roads 
Connecting roads 
Important local roads 
Local roads 
Access roads 
Other roads 
 
Navigable waterways 
Not navigable waterways (category 1) 
Not navigable waterways (category 2) 
Not navigable waterways (category 3) 
Not classified waterways 
 
Railways 
 
860 
570 
2,100 
2,550 
7,770 
1,800 
23,570 
19,850 
410 
 
1,580 
1,200 
6,280 
6,360 
3,790 
 
2,040 
 
2.5 ± 2.3 
0.5 
0.5 ± 0.58 
0.4 ± 0.38 
0.6 ± 0.26 
0.05 ± 0.05 
0.75 ± 0.33 
0.5 
0.5 
 
7.5 
4.5 
3 
1.5 
0.75 
 
2.75 
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3.2.5.4. Area data for Flemish grass-covered urban land 
 
Surface data for the categories ‘gardens and parks’ and ‘recreation areas’ (camping sites, sport 
fields, playing grounds, swimming pools and race courses) are yearly reported by the National 
Institute for Statistics (NIS). A reduction factor of 0.50 was used because not the total surface 
is covered with grass. This factor is an estimation because it is impossible to retrieve how 
much surface of those two categories is covered with grass and how much is covered with 
trees, shrubs, buildings or concrete.  
 
 
3.2.6. Used bulk density data 
 
3.2.6.1. Bulk density for Flemish agricultural grassland 
 
Bulk density was measured on 70 parcels sampled for the database collected by the 
Department of Crop Husbandry and Ecophysiology. Bulk density was measured at 0-10, 10-
30 and 30-60 cm and determined by the use of a Kopecky core sampler and rings with a fixed 
volume. Samples were oven dried for 2 to 3 days at 80°C. Because only one bulk density can 
be used in equation (2) (see further page 82), a weighted mean of the bulk densities at 0-10, 
10-30 and 30-60 cm was calculated and used as bulk density for the profile to 1 m depth 
(Table 3.4.). As such, the bulk density of the measured depths was also taken into account. 
Bulk density for the Dunes was not available because no sampling was performed there. 
Therefore, the bulk density of the Campines was used because both regions have a similar 
sandy soil texture. The Dunes have a clear sandy texture and the Campines have mainly a 
clear sandy texture but also, in a smaller extent, a light sandy loam and a loamy sand texture. 
For the calculation of the SOC stocks to a depth of 6 cm, the bulk density for the depth 0-10 
was used (Table 3.5.). 
 
Table 3.4. Weighted mean of the bulk density (BD) in g cm-3 with standard deviation for the 
different agro-pedological regions 
Agro-pedological region Weighted mean BD ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
 
1.42 ± 0.17 
1.47 ± 0.09 
1.52 ± 0.11 
1.48 ± 0.18 
1.47 ± 0.07 
1.42 ± 0.17 
 
 
Chapter 3 
 
 
 80
Table 3.5. Bulk density (BD) in g cm-3 with standard deviation for the depth 0-10 cm for the 
different agro-pedological regions 
Agro-pedological region Mean ± sd 
 
Campines  
Silt Region  
Polders 
Sandy Loam Region 
Sandy region 
Dunes 
 
1.37 ± 0.17 
1.38 ± 0.18 
1.42 ± 0.27 
1.34 ± 0.22 
1.35 ± 0.26 
1.37 ± 0.17 
 
 
3.2.6.2. Bulk density for Flemish natural grassland 
 
Bulk density was measured on the parcels and sampled at 0-10, 10-30 and 30-60 cm (Table 
3.6.). The same procedure was followed as for the bulk density of agricultural grassland. For 
each agro-pedological region, a mean value of bulk density was calculated for each depth. For 
the Dunes and Silt region, the bulk density values of respectively the Campines and the Sandy 
loam region were used. For those two regions, no samples were taken. This was justified 
because both regions have respectively a similar sandy and silty texture. 
No weighted mean values for the bulk density were required, because no extrapolation was 
needed. For the depth 60-100 cm, the bulk density at 45 cm (interval 30-60 cm) was used, 
assuming that bulk density did not increase significantly at that depth. 
 
 
Table 3.6. Bulk density (BD) in g cm-3 with standard deviation for natural grassland for three 
depths (0-10, 10-30 and 30-60 cm) and for different agro-pedological regions 
BD 0-10 cm BD 10-30 cm BD 30-60 cm  
Agro-pedological region mean ± sd mean ± sd mean ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
 
1.51 ± 0.09 
 
0.97 ± 0.49 
0.94 ± 0.43 
1.14 ± 0.44 
 
1.26 ± 0.26 
 
1.23 ± 0.45 
1.21 ± 0.45 
1.46 ± 0.31 
 
1.52 ± 0.17 
 
1.20 ± 0.46 
1.20 ± 0.50 
1.19 ± 0.42 
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3.2.6.3. Bulk density for Flemish grass-covered verges and urban land 
 
The bulk densities, measured during the sampling of agricultural grasslands (Table 3.7.), were 
used to calculate the SOC content of the verges and urban land. For the depth 60-100 cm, the 
bulk density of the depth 30-60 cm was used because it was assumed that the bulk density 
below 45 cm (middle 30-60 cm interval) did not differ significantly. 
 
 
Table 3.7. Bulk density (BD) with standard deviation of grass-covered verges and urban areas 
for the different agro-pedological regions in Flanders at three depths 
BD 0-10 cm BD 10-30 cm BD 30-60 cm  
Agro-pedological region mean ± sd mean ± sd mean ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
 
1.37 ± 0.17 
1.38 ± 0.18 
1.42 ± 0.26 
1.34 ± 0.22 
1.35 ± 0.26 
 
 
1.39 ± 0.19 
1.41 ± 0.06 
1.54 ± 0.10 
1.48 ± 0.14 
1.45 ± 0.09 
 
 
1.45 ± 0.19 
1.55 ± 0.08 
1.53 ± 0.11 
1.52 ± 0.30 
1.52 ± 0.10 
 
 
 
3.2.7. Problems related to the determination of SOC stocks 
 
3.2.7.1. Approaches used to extrapolate information from the top soil layer to a profile of 1 m 
depth 
 
To extrapolate information from the top soil layer to a profile of 1 m depth, the following 
formula from Hilinski (2001) was used: 
 
C(z) = Cb + (C0 – Cb) e-kz                                  (1)  
 
Whereby C(z) represents the SOC concentration (in g C g-1 dry soil) at depth z (cm), Cb the 
SOC concentration at the bottom of the profile, C0 at the upper layer of the profile, z the depth 
(cm) and k (cm-1) the parameter which represents the exponential decrease in SOC 
concentration with depth. The value of the parameter k is of crucial importance when making 
extrapolations of C data to a specific depth. The parameter k is calculated by non linear 
regression from series of soil profiles. For grassland, two possible approaches to calculate the 
parameter k were available. 
A first approach is according to Sleutel et al. (2003a). They calculated values of the 
parameter k for cropland from existing soil profiles in the “Aardewerk” database. Sleutel et 
al. (2003a) assumed that the %SOC had changed proportionally to the mean measured change 
in the %SOC of the surface layer over the period of 1947-1962 to 1990 or 2000. This means 
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that a ‘time factor’ (as the ratio of the SOC concentration in the upper layer for 1990 or 2000, 
taken from the database of the Soil Service of Belgium, to the SOC concentration from the 
upper layer in the “Aardewerk” database) was taken into account. The SOC concentration of 
the bottom layer was not multiplied by a ‘time factor’ assuming that the SOC concentration 
had not changed at that depth during this period. As such, Sleutel et al. (2003a) recalculated 
the data from the “Aardewerk” database to current values for 1990 and 2000. The depth, used 
in equation 1, was set at 0.01 cm for the first interval at the surface, while lower depths were 
taken as the middle of each sampled depth interval. Based on all recalculated profiles, a value 
for the parameter k for all different agro-pedological regions was determined by equation 1. 
This approach (Sleutel et al., 2003a) is referred to as “Approach 1”. 
In a second approach, the profiles collected for the database of the Department of Crop 
Husbandry and Ecophysiology (referred to as “Approach 2”) were used. Because samples 
were taken to a depth of 60 cm, for the intervals 60-80 and 80-100 cm, the SOC concentration 
of the intervals 60-80 and 80-100 cm were taken from the “Aardewerk” database. It was 
assumed that the SOC concentration at such depths had remained the same since 1947-1962. 
This was also observed by Schlesinger (1996) and by Degryze et al. (2004), who both found 
that the OC concentration at such depths did not change after such time periods. The depth, 
needed in equation 1, was taken as the middle of each sampling depth interval. This means 
that the depth at the surface layer was set at 5 cm (= mean of the interval 0-10 cm), although 
equation 1 required the SOC at 0 cm. However, parameter k was calculated by non linear 
regression, so it can be assumed that the regression can be ‘extended’ to depths lower than 5 
cm. By equation 1, values for parameter k could be determined for each agro-pedological 
region. This approach was used to determine the stocks to 1 m for Flemish agricultural 
grassland and also for grass covered verges and urban land. 
This second approach, without time factor and the depth at the surface layer set at 5 cm, was 
also applied on the “Aardewerk database” and is represented by “Approach 3”.  
 
For the extrapolation of the C data of the Soil Service of Belgium (upper 6 cm) to the total 
soil organic carbon content to 1 m depth, equation 1 was integrated (also used in Sleutel et al., 
2003a): 
 
Total SOC (0-100 cm) (g C cm-2) = ρ (1 – e-100k) k-1 (C0-Cb) + 100 ρ Cb        (2)
  
where ρ is the bulk density (g cm-3) of the profile, k (cm-1) is the parameter which gives the 
decrease of SOC with depth and which is varying with the approach used, C0 and Cb (g C g-1 
dry soil) are respectively the SOC concentration in the upper and bottom layer of the profile. 
For the SOC concentration in the upper layer of the profile, the SOC data from the database of 
the Soil Service of Belgium were used, respectively for 1990 and 2000. For the SOC 
concentration at the bottom of the profile, the SOC concentration for the interval 80-100 cm 
was used from the ‘Aardewerk’ database, assuming that the SOC concentration at such depth 
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had remained the same since the fifties. To calculate the total SOC stock to 1 m depth, the 
SOC concentration to 1 m (in t OC ha-1) needed to be multiplied with the grassland area 
considered.  
 
 
3.2.7.2. Influence of (time) factor 
 
The influence of the use of a (time) factor, as used by Sleutel et al. (2003a) with which the 
SOC profiles have been multiplied for recalculation of k parameters, has been investigated. A 
test was set up for the Sandy Loam region. The profiles were multiplied with a factor ranging 
from 0.1 to 2. 
 
 
3.2.7.3. Validation of the approaches 
 
For the validation of the above-mentioned approaches, the following formulae according to 
Bernoux et al. (1998), were used: 
mean error (ME) 
 
ME = 1/n Σni=1(Zapproach-Zclassical)          (3) 
  
root mean square error (RMSE) 
 
RMSE = {1/n Σni=1(Zapproach-Zclassical)²}1/2        (4) 
 
Where Zapproach stands for the soil C determined using integration of Approach 1 or 2 and of 
vertical distribution. Zclassical stands for the soil C calculated for the same profile using the 
classical layer-based method. 
 
relative error (RE) 
 
RE = {[1/n Σni=1(Zappraoch-Zclassical)]/ (1/n Σni=1Zclassical)}*100     (5) 
 
RE is the value of ME in relation to the mean of the classical determined values. RE gives an 
idea on how important the over/underestimation, made by the approaches, is in relation to the 
classical layer-based model. 
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3.2.8. Calculation of the SOC stocks 
 
3.2.8.1. SOC stock in Flemish agricultural grasslands to 6 cm 
 
For calculation of the stock, the SOC data, available in the database of the Soil Service of 
Belgium, were used. To determine the stock, the SOC content to 6 cm was multiplied by the 
area of grassland. 
The SOC content (t OC ha-1) was calculated for every community by the following formula:  
 
%SOC/100 (g C g-1dry soil) * 6 (cm) * BD (g Cdry soil cm-3) * 100      (6) 
 
To calculate the SOC stock per agro-pedological region, all total SOC stock values of the 
communities in that region were summed. When a community fell within two or more agro-
pedological regions the contribution of the community in every region was calculated. The 
SOC content and the grassland area of that community was then multiplied by the ratio for 
each region so that not always the full SOC content and grassland area was used to calculate 
the SOC stock of the community or agro-pedological region. Besides, the ratio needed to be 
calculated because each agro-pedological region had a different bulk density.  
 
 
3.2.8.2. SOC stock in Flemish agricultural grasslands to 1 m 
 
For calculation of total SOC stock, SOC data, bulk density and surface areas were required. 
Vertical extrapolation can be calculated via the ‘classical’ way or by the use of an 
extrapolation model. The classical method requires a detailed (vertical and horizontal) 
database. In reality, such a detailed database was in most cases not available. Often national 
and regional databases are limited to SOC data of the surface layer. In the latter case, a model 
was needed (i.e. Nakane, 1976; Bernoux et al., 1998, Jobbagy & Jackson, 2000; Hilinski, 
2001) to extrapolate stocks from surface C data to data for a profile up to 1 m depth (or 
more). To calculate the total SOC stock to 1 m depth, the SOC content to 1 m needed to be 
multiplied with the grassland area considered. For the extrapolation of SOC data from a 
limited depth to 1 m, equation 1 was used. The value of parameter k was unknown and 
crucial when making extrapolations of C data to a specific depth. The k value was estimated 
via non linear regression from series of C profiles collected from the database of the 
Department of Crop Husbandry and Ecophysiology. However, for the intervals 60-80 and 80-
100 cm, the SOC contents of the corresponding profiles from the “Aardewerk” database were 
used. It was assumed that the SOC contents at these depths had remained the same between 
1947-1962 and 1990/2000 (Schlesinger, 1996; Degryze et al., 2004). The depth, needed in 
equation 1 was taken as the middle of each samples depth interval. This means that the depth 
at the surface layer was set at 5 cm (= mean of the interval 0-10 cm). Values for parameter k 
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were estimated for each agro-pedological region. The parameter k for the Dunes was not 
available and the parameter k from the Campines was used. Indeed, both regions have a 
similar sandy soil texture. The Dunes have a clear sandy texture and the Campines have 
mainly a clear sandy texture but have also, in a smaller extent, a light sandy loam and a loamy 
sand texture. 
For extrapolation of the C data of the Soil Service of Belgium (only for the upper 6 cm) to the 
total SOC content in 1 m, an integration formula (equation 2) was used. For the SOC contents 
in the upper layer of the profile, the SOC data from the database of the Soil Service of 
Belgium were used, respectively for 1990 and 2000. For the SOC content at the bottom of the 
profile, the SOC contents for the interval 80-100 cm from the ‘Aardewerk’ database were 
used. 
 
 
3.2.8.3. SOC stock in Flemish natural grasslands to 1 m 
 
For the calculation of the SOC stock in natural grassland, it was not necessary to extrapolate 
the data. SOC data are available to a depth of 1 m and therefore, the stock to 1 m was 
calculated by adding the SOC contents of the different layers (0-10, 10-30, 30-60 and 60-100 
cm). This method is also called the layer-based method. The SOC contents were calculated by 
the following formula: 
 
Total SOC (t C ha-1) = [∑ (%SOC/100) * BDxi * xi)] * 100        (7) 
 
Where %SOC is the percentage soil organic carbon, BD the bulk density and xi the distance 
over which was sampled (in this case 10, 20, 30 and 40 at respectively 0-10, 10-30, 30-60 and 
60-100 cm). 
 
 
3.2.8.4. SOC stock in grass-covered verges and urban land 
 
Soil samples could only be taken to a depth of 60 cm due to the presence of public facilities 
(gas, water, electricity). For the grass-covered urban area, SOC data from temporary 
agricultural grassland to 60 cm depth were used. However, for comparison with the SOC 
stock of other terrestrial ecosystems, calculation to a depth of 1 m was necessary.  
The SOC content to 60 cm was calculated with the classical layer-based method whereby the 
SOC content for the depths 0-60 cm was calculated using equation 7. Xi represents here 10, 
20 and 30, the depth over which was sampled at respectively 0-10, 10-30 and 30-60 cm. 
However, because no data were available for the layer 60-100 cm, it was still necessary to 
extrapolate data for the layer 60-100 cm.  
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For the determination of parameter k, required for the extrapolation from 60 cm to 1 m depth, 
equation (1) was used. The parameter k was calculated by non linear regression from series of 
soil profiles of grass-covered verges or of temporary grasslands in the case of urban 
vegetation types. For the extrapolation of the C data of the layer (30-60 cm) to the total SOC 
content to 1 m, a deviated integration formula of formula (2) was used: 
 
Total SOC (60-100 cm) (t OC ha-1) = [ρ (1 – e-40k) k-1 (C0-Cb) + 40 ρ Cb ] * 100      (8) 
 
For the SOC content of the ‘upper’ layer of the profile, the mean SOC data from the 30-60 cm 
layer of the verges or the temporary grasslands sampled in the different agro-pedological 
regions were used. For the SOC content at the bottom of the profile, the SOC content for the 
interval 80-100 cm from the ‘Aardewerk’ database (Van Orshoven et al., 1988) was used, 
assuming that the SOC content at that depth had remained the same since the fifties 
(Schlesinger, 1996; Degryze et al., 2004). The total SOC content to 100 cm is then obtained 
by summing the contents for the different layers. To calculate the total SOC stock to 1 m 
depth in a specific region, the SOC content to 1 m (in t C ha-1) was multiplied by the area (ha) 
considered.  
 
 
3.2.9. Evolution of SOC data with time 
 
For the Weighted Least Square (WLS) regression, all data (1990, 1993, 1996 and 2000) from 
the database of the Soil Service of Belgium for the different periods were used. A WLS linear 
regression was used because the data are means with rather large standard deviation. As such, 
the standard deviation was used as a vector of weigth for the least-squares fitting algorithm. 
The years were expressed as the number of years after the starting point (1990). The SOC 
data (in %OC) were plotted against time and the linear regression was validated (QQ plots 
and residual analysis). The flux calculated on the basis of data between 1990 and 2000 is: 
%SOC = β0 + β1t , where β0 is the intercept and β1 the C change flux in %OC per year.  
Data points which were too divergent (> 4sd) were left out as outliers. The linear regressions 
were also validated by analysis of residuals. 
  
 
3.2.10. Soil organic carbon maps 
 
Overlaying the map of the agro-pedological regions with the administrative map of the 
Flemish communities generated the SOC maps.  
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3.3. Results and discussion 
 
3.3.1. Problems with the determination of SOC stocks 
 
Depending on the approach used, different values for parameter k were obtained (Table 3.8.). 
Approach 2 and Approach 3 use only one value for parameter k because no ‘time factor’ was 
included in the database. The different exponential depth distribution approachess fitted well 
(R²) for all agro-pedological regions. The size of parameter k varied among the agro-
pedological regions but there was an overall trend of a higher k value for heavier soils (clay, 
silt, loam silt) and a smaller one for lighter soils (sand, loamy sand and sandy loam textures). 
The k values calculated from the ‘Aardewerk’ database (Approach 1 and Approach 3) were 
considerably higher than those calculated from the database of the Department of Crop 
Husbandry and Ecophysiology. The use of the ‘time factor’ according to Sleutel et al. (2003a) 
seems to have no decisive influence on the size of parameter k. Overall, standard deviations 
for Approach 2 were smaller than those for Approach 1 and 3. For the database of the 
Department of Crop Husbandry and Ecophysiology, there were no data for the Dunes, 
because of no sampling. For the calculation of the SOC stocks in the Dunes with Approach 2, 
bulk density and parameter k of the Campines were used, because both regions have a clear 
sandy soil texture. 
The calculation of the total SOC stocks for grassland soils (to 1 m depth) of Flanders was 
done according to the three approaches. The total SOC stocks for all approaches decreased 
from 1990 to 2000. In 1990 and 2000, calculated according Approach 1, a total SOC stock of 
respectively 21,904 kt OC and 19,329 kt OC was found. For Approach 2, a total SOC stock of 
38,031 kt OC for 1990 and of 33,695 kt OC for 2000 was calculated. The difference of 14,366 
kt OC between the stocks for 2000 according to the two approaches is quite large and cannot 
be neglected. Table 3.9. shows the mean SOC contents for the agro-pedological regions for 
the three approaches. Large differences occur depending on the approach that was used to 
extrapolate. 
For the validation of the approaches, the ME and RMSE (Bernoux et al., 1998) were used 
(Table 3.10.). The ME should be close to zero for unbiased methods and the RMSE should be 
small for an unbiased and precise prediction. However, the values of ME should be treated 
with caution because positive and negative biases tend to cancel each other (Bernoux et al., 
1998). In general, the ME’s for Approach 2 tended to be smaller and are closer to zero than 
those for Approaches 1 and 3. This trend can also be seen for the RMSE values which are 
smaller for Approach 2. This means that the prediction by Approaches 2 was more precise 
than by Approaches 1 and 3. The RE values show that Approaches 1 and 3 gave a large 
underestimation (between -40 and -30%) of the SOC stock for each agro-pedological region. 
Approach 2, on the other hand, had small RE values and presented good results. This 
validation of the approaches is also confirmed by the statistical analysis as shown in Table 
3.11. The results obtained by approach 2 link up well with the results calculated by the 
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classical layer-based method, which is of course the most reliable way to calculate SOC 
stocks. A significant difference was found between the classical layer-based method and both 
Approach 1 and 3. There was also a significant difference between Approach 2 and both 
Approach 1 and Approach 3. However, the statistical degree of independence of Approach 2 
against the layer-based model is not 100%. Nevertheless, all approaches show a trend in their 
deviation against the layer-based method. 
 
 
Table 3.8. Values of parameter k (cm-1), the parameter representing the exponential decrease 
in SOC content with depth, for three different approaches [Approach 1 (1990 and 2000), 
Approach 2 and Approach 3] for different agro-pedological regions in Flanders 
Agro-pedological 
region 
Approach 1 (1990) Approach 1 (2000) Approach 2 Approach 3 
 
Polders 
k ± sd 
R² 
n 
 
Campines 
k ± sd 
R² 
n 
 
Silt region 
k ± sd 
R² 
n 
 
Sandy loam region 
k ± sd 
R² 
n 
 
Sandy region 
k ± sd 
R² 
n 
 
Dunes 
k ± sd 
R² 
n 
 
 
0.0759 ± 0.0483 
0.92 
858 
 
 
0.0481 ± 0.0338 
0.89 
967 
 
 
0.0781 ± 0.0539 
0.90 
214 
 
 
0.0709 ± 0.0438 
0.92 
1269 
 
 
0.0531 ± 0.0403 
0.88 
1733 
 
 
0.0704 ± 0.0332 
0.96 
78 
 
 
0.0753 ± 0.0463 
0.92 
858 
 
 
0.0487 ± 0.0345 
0.89 
967 
 
 
0.0816 ± 0.0575 
0.91 
214 
 
 
0.0705 ± 0.0363 
0.94 
1269 
 
 
0.0534 ± 0.0395 
0.88 
1733 
 
 
0.0703 ± 0.0332 
0.96 
78 
 
 
0.0334 ± 0.0146 
0.93 
255 
 
 
0.0256 ± 0.0146 
0.85 
310 
 
 
0.0386 ± 0.0172 
0.93 
60 
 
 
0.0330 ± 0.0161 
0.90 
930 
 
 
0.0291 ± 0.0142 
0.89 
230 
 
 
 
 
 
 
 
 
0.0708 ± 0.0486 
0.89 
858 
 
 
0.0463 ± 0.0332 
0.88 
967 
 
 
0.0713 ± 0.0493 
0.89 
214 
 
 
0.0663 ± 0.0423 
0.90 
1269 
 
 
0.0513 ± 0.0391 
0.87 
1733 
 
 
0.0663 ± 0.0381 
0.93 
78 
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Table 3.9. Mean SOC stock (t OC ha-1) to a depth of 1 m predicted using three different 
approaches (Approaches 1, 2 and 3) for different agro-pedological regions in Flanders in 1990 
and 2000 (based on data of the Begian Soil Service) 
 1990 2000 
Approach 1 Approach 2 Approach 3 Approach 1 Approach 2 Approach 3  
Agro-pedological region Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Pasture area of Liege* 
Dunes 
 
99 ± 16 
77 ± 12 
114 ± 29 
80 ± 19 
92 ± 22 
104 
110 ± 28 
 
163 ± 27 
126 ± 24 
211 ± 63 
150 ± 40 
148 ± 38 
181 
249 ± 71 
 
102 ± 16 
81 ± 13 
120 ± 31 
84 ± 21 
95 ± 23 
112 
115 ± 30 
 
86 ± 15 
67 ± 11 
116 ± 28 
71 ± 18 
83 ± 20 
91 
111 ± 27 
 
141 ± 27 
111 ± 22 
213 ± 61 
132 ± 37 
134 ± 35 
160 
253 ± 67 
 
89 ± 16 
73 ± 12 
121 ± 30 
75 ± 19 
86 ± 21 
101 
117 ± 28 
* only one community 
 
Table 3.11. Significant differences between the different approaches used (Approaches 1, 2 
and 3) at a significant level of P < 0.05 
 Classical Model Approaches 1 Approaches 2 Approaches 3 
 
Classical Model 
Approaches 1 
Approaches 2 
Approaches 3 
 
― 
** 
n.s. 
** 
 
** 
― 
** 
n.s. 
 
n.s. 
** 
― 
** 
 
** 
n.s. 
** 
― 
**, significant at P<0.05; n.s., non significant 
 
 
 
 
Table 3.10. Mean error (ME), root mean square error (RMSE) (in t OC ha-1) and relative error (RE) (%) for three different approaches 
(approaches 1, 2 and 3) used to predict soil organic carbon stocks under grassland in different agro-pedological regions 
ME (t OC ha-1) RMSE (t OC ha-1) RE (%)  
Agro-pedological region Approach 1 Approach 2 Approach 3 Approach 1 Approach 2 Approach 3 Approach 1 Approach 2 Approach 3 
 
Polders 
Campines 
Silt region 
Sandy loam region 
Sandy region 
 
-5.26 
-4.40 
-3.36 
-3.49 
-3.71 
 
0.59 
-0.61 
0.48 
0.34 
0.02 
 
-4.94 
-4.16 
-2.85 
-3.26 
-3.53 
 
1.70 
1.22 
0.74 
0.89 
0.94 
 
0.23 
0.35 
0.14 
0.26 
0.24 
 
1.51 
1.11 
0.56 
0.81 
2.04 
 
-37.87 
-41.31 
-35.59 
-38.50 
-39.20 
 
4.26 
-5.68 
5.03 
3.77 
0.16 
 
-35.58 
-39.02 
-30.12 
-36.00 
-37.33 
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One of the reasons why Approach 1 and 3 greatly underestimate the SOC stocks, is their high 
values of parameter k. High k values rapidly decrease in the upper layers of the profile and by 
consequence, a rapid decrease in % SOC in the upper layers is obtained. On the other hand, 
the use of a ‘time factor’ to compensate for the time period between the two databases 
(‘Aardewerk’ (fifties) and Soil Service of Belgium (1990/2000)) is quite arbitrary. 
Recalculating profiles (for example by the use of a ‘time factor’) in a database can have an 
influence on the size of parameter k. Figure 2.2. shows that bringing in a factor smaller than 1 
has an effect on the size of k. For a factor higher than 1, the value of the parameter is 
stabilising. But, the high k values from Appraoches 1 and 3 were not caused by the use of a 
factor because for Approach 3, no ‘time factor’ was used. The reason here is most probably 
the composition, the structure of the ‘Aardewerk’ database. First of all, since the period 1947-
1962 the general land use in Flemish grasslands has been changed (the application of nitrogen 
was smaller, and now there is specialisation and intensification of the farms). Van Meirvenne 
et al. (1996) evaluated the usefulness of SOC data for cropland measured during the National 
Soil Survey for studies based on these data. Their research indicates the need to revise the soil 
database of the National Soil Survey (‘Aardewerk’) especially in those areas where land use 
and soil management have undergone major changes over the time period involved. So the 
question is: “how representative is the above-mentioned database for Flanders”? Moreover, in 
most cases the horizon 6-10 cm was missing. Profiles are far from complete and often profiles 
have two SOC contents for one horizon (layer). Also, in the upper horizons there are high 
SOC percentages, but they decrease rapidly in the following horizons, which is exactly the 
behaviour of high k values. The reason for all these uncertainties in the ‘Aardewerk’ database 
is unknown and so, there is no absolute certainty about the reliability of its data. As a 
consequence, k values for grasslands calculated from the database of Appraoches 1 and 3 
cannot be accepted and cannot be used for extrapolation. 
Mean SOC contents vary with soil type (Table 3.9.). The mean SOC contents estimated by 
Appraoch 1 and Approach 3 are largely underestimated compared to Approach 2. According 
to Approach 1 and 3, the mean SOC content to 1 m in Flemish grassland soils is lower than 
the mean SOC content in Flemish cropland soils. These too low/high contents, compared to 
the real value can easily lead to questionable conclusions about soil fertility, C sequestration, 
soil erosion… 
All of the above-mentioned arguments and results obtained in modelling support the use of k 
values calculated from the database of the Department of Crop Husbandry and Ecophysiology 
(Approach 2) to extrapolate the C data from the Soil Service of Belgium and to determine 
total SOC stocks for grassland soils in Flanders. It is of great importance to determine correct 
values for the parameter k, as it was clear that this parameter has an important influence on 
the total SOC amount in a profile. Moreover, the use of a ‘time factor’ is still arbitrary and 
can have an effect on the size of parameter k. 
Problems and uncertainties can arise when extrapolating C data or determining SOC stocks.  
Even before processing the data, sources of uncertainties in soil C data can occur. There is a 
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possible difference in sampling methodology, in sampling period, in land use history and in 
laboratory methodology (Batjes, 1996).  
There is no international protocol on soil depth. Defining a global soil depth to which C 
should be analysed is not practical for the IPCC (2001). The IPCC recommends that the 
sampling depth should be below the depth at which significant changes in C are expected to 
occur and also that the depth used in one inventory should match the depth used in the next 
one. Often, the remark is made that it is preferable to sample each generic horizon (as in the 
‘Aardewerk’ database). However, in the field, this is impossible and as Batjes (1999) shows, 
sampling according to depth strata is more repeatable than according to the generic horizon. 
For grasslands, the sampling in the upper 30 cm should be intensive as most root biomass is 
found there. Significant changes in SOC concentration are expected to occur in this layer. 
Soil samples should be collected at the end of the growing season, at the maximum stage of 
decomposition and with the maximum litter input (IPCC, 2001). 
With regard to the analysis of the soil samples, the most accurate method is dry combustion 
(C/N analyser) but also the method of Walkley & Black (1934) is very often used. Modern 
dry combustion procedures have an analytical precision of 2-3% (IPCC, 2001) while the 
method of Walkley and Black has a variable recovery of SOC. For the Walkley and Black 
procedure there is a standard conversion (compensating) factor of 1.33 for the incomplete 
oxidation (75 %), to recalculate the C to total organic carbon content. Different conversion 
factors are used. Batjes (1999) remarks that, in spite of discussions about the use of this 
standard conversion factor, there is no need to justify it because it will very often be necessary 
to use the conversion factor in studies on global and regional level because of lack of a valid 
alternative. In our case, a further compensating factor (of 3/4) for the C data of the Soil 
Service of Belgium had to be used. The Soil Service of Belgium  measures nearly 100% of 
the OC concentration by the use of a modified version of Walkley and Black. Nevertheless, 
they still use a compensation factor of 4/3 for the incomplete oxidation with the method of 
Walkley and Black. To make reliable conclusions about and between the databases, it is 
necessary to be able to compare them in a correct way. 
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Figure 3.2. Influence of the use of a (time) factor on soil profiles on the size of parameter k 
for grasslands 
 
 
3.3.2. SOC stocks in Flemish agricultural grassland soils to 6 cm 
 
For 1990, a total SOC stock to 6 cm depth was found of 6,247 kt OC and for 2000, a stock of 
5,491 kt OC was found. This means that in 10 years, a decline of 12% occurred in the SOC 
stock in the upper 6 cm layer.  
Still, to compare these stocks to other national and international SOC stocks, it will be 
necessary to extrapolate the stocks to a depth of 1 m. 
 
 
3.3.3. SOC stocks in Flemish agricultural grassland soils to 1 m 
 
The exponential depth distribution model for the SOC content fitted well (R²) for all agro-
pedological regions (Table 3.12.). 
For 1990 and 2000 the SOC stock was estimated at 38,031 kt OC and 33,695 kt OC, 
respectively. There is an overall decline in SOC stock in Flanders between 1990 and 2000 
(Table 3.13.), but especially in the north and the east of Brussels and in the Campines (north 
east of Flanders). The north-eastern and western parts of Flanders have the largest SOC 
stocks (Figure 3.3.). These regions are characterized by a high grassland density and do also 
have a history of intensive manure use due to the relative intensive farming. However, a trend 
of declining stocks can be found for all agro-pedological regions (Table 3.13). The SOC 
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content for the Dunes is very high compared to what is expected from its sandy soil texture. 
Only the dune dips and the transition areas in the Dunes are suitable for pasture. Moreover, a 
very limited number of samples were taken by the Soil Service of Belgium and consequently 
the error is large. 
 
Table 3.12. Values for the parameter k (cm-1) for grasslands for the different agro-pedological 
regions with the standard deviation (sd), R² and number of profiles used to calculate k 
Agro-pedological region Parameter k ± sd R² n 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
 
0.0256 ± 0.0141 
0.0386 ± 0.0170 
0.0334 ± 0.0143 
0.0330 ± 0.0152 
0.0291 ± 0.0136 
 
 
85 
93 
93 
90 
89 
 
 
310 
60 
255 
930 
230 
 
 
Table 3.13. The total SOC stocks (kt OC) for different agro-pedological regions in Flanders 
to 1 m depth 
Agro-pedological region Stock 1990 Stock 2000 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
Pasture Area of Liege* 
 
Flanders 
 
8,801 
1,505 
4,637 
11,003 
11,034 
609 
442 
 
38,031 
 
7,579 
1,309 
4,327 
9,599 
10,006 
568 
307 
 
33,695 
* only one community 
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Figure 3.3. SOC stocks (kt OC) for grassland soils up to 1 m for the Kyoto reference year 
1990 (a) and 2000 (b) 
 
The decrease in SOC stock can be explained by a decline in grassland area but mainly by a 
decrease in %SOC (and consequently SOC content). Overall, the SOC content per hectare 
was 158 t OC ha-1 in 1990 and 143 ton OC ha-1 in 2000 (a significant decrease with 9.5 %). 
Also Lettens et al. (2005) found a significant decrease in SOC contents for grassland in 
Belgium between 1990 and 2000. The decrease in %SOC (and SOC content) between 1990 
and 2000 was significant for all regions except the Polders and the Dunes where the %SOC 
(SOC content) did not change (Table 3.14.).  
Significant linear regressions could be made (Table 3.15.) which give the average OC flux 
between 1990 and 2000. For the Polders and the Dunes the linear regression was not 
significant because the %SOC did not change and for the Pasture Area of Liege, a linear 
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regression could not be calculated (only one datapoint). β1, which represents the C change 
flux, is for all agro-pedological regions significantly negative which proves the decrease in 
%SOC over time. The largest fluxes were found for the Campines (-0.0455 %OC yr-1) and 
the Silt region (-0.0432 %OC yr-1) where also the largest decline in SOC content and stocks 
was found. 
 
Table 3.14. Mean SOC contents (t OC ha-1) with standard deviation (sd) for the different 
agro-pedological regions for 1990 and 2000 to 1 m depth (based on the data from the Soil 
Service of Belgium). 
1990 2000  
Agro-pedological region SOC content ± sd SOC content ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
Pasture area of Liege* 
 
Flanders 
 
163 ± 27  
126 ± 24  
211 ± 63  
150 ± 40  
148 ± 38  
249 ± 71  
181  
 
158 
 
142 ± 27  
111 ± 22  
213 ± 61  
132 ± 37  
134 ± 35  
253 ± 64  
160  
 
143 
* only one community  
 
Table 3.15. Evolution of %SOC (0-6 cm) in Flemish agro-pedological regions against time. 
β0 is the intercept,  β1 the C change flux 
Agro-pedological regions β0 β1 
(% OC yr-1) 
β1 
(t OC ha-1) 
Level of significance of the 
regression 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
Pasture Area of Liege‡ 
 
3.0410 
3.1359 
― 
3.1603 
3.0119 
― 
― 
 
-0.0455 
-0.0432 
― 
-0.0311 
-0.0302 
― 
― 
 
-0.374 
-0.358 
― 
-0.250 
-0.245 
― 
― 
 
** 
* 
― 
** 
** 
― 
― 
‡ only one data point available 
* significant at 0.05, ** significant at 0.001 
 
The significant decrease in %SOC can be explained by several factors. One of the possible 
explanations for the decrease in SOC content per hectare is the approval of the Manure 
Action Plan (MAP) in Flanders. Farmers became strongly limited in the application of N via 
chemical fertiliser and manure. Before 1990, the amount was unlimited, while in 1999 it was 
only 450 kg N ha-1. As such, the MAP can have contributed indirectly to a decrease in 
organic matter because there was no longer a large supply of organic matter to the soil. Van 
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Meirvenne et al. (1996) and Hofman & Van Ruymbeke (1980) found an important effect of 
farmyard manure and the use of pig slurry on the soil humus content in arable soils. However, 
the approval of the MAP can never alone have caused the decrease in SOC content. This 
means that other factors had more impact on the mean SOC content than the decreased supply 
of OM to the soil. The share of temporary grassland within the total grassland area has 
increased from 11% in 1990 to 22% in 2000 (NIS, 1991 and 2001). This event had a larger 
impact on the decrease in SOC content per agro-pedological region. More temporary 
grassland contributes to the total grassland area, to the mean SOC content and the total stock 
in 2000. Therefore, it is expected that, because of their significant lower SOC content 
compared to permanent grassland (Chapter 2), the mean SOC content per agro-pedological 
region will also decline. Besides, we want to remark that the database of the Soil Service of 
Belgium does not exist of paired data (parcels sampled in 1990 are not necessarily the ones 
sampled in 2000). Consequently, the changes calculated give a general trend and magnitude 
of change. The observed decrease in SOC stocks between 1990 and 2000 is also partly 
explained by a decrease of 3% in total grassland area in Flanders.  The grassland area in 1990 
was 238,173 ha while in 2000 it was only 230,199 ha (NIS, 1991 & 2001). The most 
important reason for the decrease in grassland area was the enormous increase in maize 
production with 37% (NIS, 1991 & 2001).  In addition there was a decrease in livestock with 
9.2% between 1990 and 2000.   
The potential for grasslands to become a sink instead of a source includes the recovery of 
grassland area and an increase of the SOC content of grassland soils by management 
practices which build up C in the soil. To estimate how long it would take before these losses 
in SOC content would be recovered under a business as usual scenario for Europe, the 
average fluxes for grassland calculated by Vleeshouwer & Verhagen (2002), were used. At an 
average flux of 0.52 t OC ha-1yr-1, it would take 29 years to restore the loss in SOC content of 
15 t OC ha-1 to the level of 1990 in Flanders. To calculate the amounts of C that could be 
stored by converting some cropland area to grassland, C sequestration rates for the 
conversion of arable land into grassland from Post & Kwon (2000), Vleeshouwer & 
Verhagen (2002) and Arrouays et al. (2002) were used. The smallest rate has been given by 
Post & Kwon (2000) with 0.332 t C ha-1yr-1 and the highest by Vleeshouwer & Verhagen 
(2002) with 1.44 t C ha-1yr-1. If Flanders would be able to recover the loss of 7,973 ha 
grassland (Table 2.14) between 1990 and 2000 it would be possible to sequester between 
2,647 t C (9,714 t CO2 eq.) and 11,481 t C (42,135 t CO2 eq.). These numbers are far from the 
amounts of CO2 that need to be reduced in the first commitment period. 
Figure 3.3. shows a large potential for few regions in Flanders to sequester C in their 
grassland soils. Especially for the regions north and east of Brussels (around Leuven) and for 
the Campines (northern east of Flanders), there is a potential to restore the SOC stock. 
Through a recovery in grassland area and through an increase in SOC content, it would be 
possible to use this potential. The regions in the north and east of Brussels have a sandy loam, 
sandy and loamy texture and are situated in the agro-pedological regions which knew a large 
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decline in mean SOC content over the last 10 years (Table 3.14.). Moreover, a decrease in 
livestock between 1990 and 2000 was also found in particular for the regions north and east 
of Brussels. The decline in grassland area, in SOC content (concentration), in livestock and 
the sandy characteristics of the soils have most probably led to an overall decline in total 
SOC stock (to 1 m). For the Polders (clay), the mean SOC content is relatively large 
compared with other agro-pedological regions (Table 3.13.). Other authors (Verberne et al., 
1990; Jobbagy & Jackson, 2000; Lobe et al., 2001) also found higher SOM levels with higher 
clay and silt contents of the soil. 
The uncertainties for the calculation of SOC stocks in Flanders are high. A first source of 
uncertainty is the error on the extrapolation (error on parameter k). The uncertainty due to 
extrapolation depends upon the sampling depth. Larger sampling depths lead to smaller errors 
with extrapolation. Also Lettens et al. (2005) found that the error became much larger with a 
sampling depth of 6 cm. Second, the SOC data (Soil Service of Belgium) were means with 
rather large standard deviations. As such, only one SOC value per community was available. 
Due to this small number of samples, the uncertainty will be higher. Finally, to determine the 
absolute error on the SOC stock, the absolute error on equation (2) needs to be calculated per 
community. The bulk density in equation has also an error. The errors of all communities 
must be summed to calculate the total error on the SOC stock. Consequently, the uncertainty 
on the total SOC stock is very high.  
These observations stress again the need for more complete SOC databases, both horizontally 
and vertically (to 1 m depth), so that extrapolation, to greater depths, is less needed. 
 
 
3.3.4. SOC stocks in Flemish natural grassland soils to 1 m 
 
The mean SOC content (1 m) in natural grassland for the different agro-pedological regions is 
shown in Table 3.16. The total stocks for Flemish natural grassland are estimated at 361 kt 
OC (Table 3.17.). The value of the stock for the Silt region and the Dunes are put between 
brackets because this value is an estimation calculated based on the data from respectively the 
Sandy loam region and the Campines. 
 
Table 3.16. Mean SOC contents (t OC ha-1) with standard deviation for natural grassland to 1 
m for the different agro-pedological regions 
Agro-pedological region Mean SOC content ± sd 
 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
 
192 ± 98 
 
253 ± 42 
142 ± 45 
165 ± 63 
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Table 3.17. The SOC stocks (kt OC) to 1 m per agro-pedological regions and for Flanders 
Agro-pedological region SOC stock 
Campines 
Silt region 
Polders 
Sandy loam region 
Sandy region 
Dunes 
92 
(15) 
49 
92 
107 
(5) 
 
 
The Polders have the highest mean SOC content. This is most probably due to the fact that 
nearly all parcels sampled in the Polders were located in the flooding area of a river or stream 
and were flooded for a large part of the year. Because of the anaerobic conditions for long 
periods of time, the OM was decomposed at a slower rate. There is a trend for higher mean 
SOC contents in natural grasslands which can partly be explained by their permanent 
character. Standard deviations are much higher than the ones for agricultural grasslands, first 
of all because of the smaller number of data points available and also because the variation 
within the agro-pedological regions was larger. 
 
 
3.3.5. SOC stocks in Flemish grass-covered verges and urban land 
 
The total area of verges along roads, waterways and railways in Flanders was estimated at 
18,027 ha. The total surface for grass-covered verges along roads comes down to 7,413 ha, 
along waterways at 9,542 ha and along railways at 1,072 ha. The largest grass surface is on 
the verges along waterways, whereas railways only have a small grass-covered surface.  
The value calculated here for roads was importantly lower than the estimate made by De 
Wilde & Hermy (2000). They calculated an area between 15,200 and 19,200 ha for grass-
covered verges along roads only, based on their results and on Van Dale (1993). Their value 
was more than twice the surface calculated along roads in our study. The reason for this 
difference comes from the used width of the verges, which is very important for the 
calculation of the total area. On average, De Wilde & Hermy (2000) used a verge width 
between 1.4 m and 1.8 m (one side), whereas we measured a mean width of only 0.75 m (one 
side). Each year, the mean width of verges declines because of maintenance works, widening 
of roads, irreparable damage by the passing traffic and because most of the verges along local 
roads are ploughed along with the adjacent croplands. An average width of 1.5 m is quite 
large because only motorways still have a considerable large width. However, all other roads, 
which form the main part of the road matrix in Flanders, have an average width of about 0.5 
m. Along waterways, De Wilde & Hermy (2000) estimated the surface of verges along 
navigable waterways at 1,625 ha and at 1,080 ha for waterways of category 1 (see Table 3.3.); 
whereas we calculated respectively 2,370 and 1,080 ha. Again the difference can be explained 
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by the difference in width used. De Wilde & Hermy (2000) used a width for the navigable 
waterways of 5.13 m (one side) whereas according to the Institute for Nature Conservation it 
is, on average, 7.5 m (one side). In this study, the error on the length for roads, waterways and 
railways in Flanders is very small due to the high accuracy of the GIS data. The standard 
deviations of the widths along roads measured here are large. This indicates that the variation 
within the widths is large. Indeed, sometimes there is no grassy vegetation for some km’s, 
whereas for the following km’s there is i.e. a width of 6 m grassy vegetation.  
To make an extrapolation for the layer 60-100 cm, values for parameter k were estimated for 
grass-covered verges in Flanders (Table 3.18.). The mean SOC contents for grassy verges to 1 
m depth are shown in Table 3.19. Using these SOC contents, it was possible to calculate total 
SOC stocks (to 1 m depth) for the different types of grassy verges. The total SOC stock to 1 m 
for grass-covered verges along roads comes down to 1,438 kt SOC, for waterways at 1,873 kt 
SOC and for railways at 209 kt SOC. The total SOC stock (to 1 m depth) for the three types 
of grass-covered verges was estimated at 3,520 kt SOC. The calculated total grassy surface of 
Flemish verges in this study comes down to almost 8% of the total grassland area in Flanders 
and the total SOC stock to 10% of the total SOC stock in grasslands. 
 
 
Table 3.18. Values for parameter k (cm-1) with standard deviation for the layer 60-100 cm for 
grass-covered verges and for temporary agricultural grassland for the different agro-
pedological regions in Flanders 
Agro-pedological region k ± sd for the layer 60-100 cm for 
temporary grassland 
k ± sd for the layer 60-100 cm for  
grass-covered verges 
 
Campines 
Silt region 
Polders 
Sandy region 
Sandy loam region 
Pasture area of Liege 
 
0.0159 ± 0.0012 
0.0164 ± 0.0036 
0.0149 ± 0.0020 
0.0160 ± 0.0019 
0.0161 ± 0.0010 
0.0164 ± 0.0036 
 
0.0159 ± 0.0044 
0.0166 ± 0.0053 
0.0158 ± 0.0043 
0.0159 ± 0.0044 
0.0166 ± 0.0063 
0.0163 ± 0.0045 
 
Table 3.19. Mean SOC contents and standard deviations (t C ha-1) for temporary grasslands 
and grass-covered verges in Flanders to 1 m depth for the different agro-pedological regions 
 
Agro-pedological region 
Temporary grassland 
Mean SOC content ± sd 
Grass-covered verges 
Mean SOC contents ± sd 
 
Campines 
Silt region 
Polders 
Sandy region 
Sandy loam region 
Pasture area of Liege 
 
176 ± 70 
106 ± 33 
135 ± 15 
162 ± 66 
129 ± 50 
 
 
190 ± 57 
163 ± 52 
183 ± 50 
215 ± 29 
186 ± 58 
262 ± 29 
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The potential for additional C sequestration and mitigating atmospheric CO2 by verges along 
roads is likely to be small due to i) the increasing pressure of traffic on the verges; ii) road 
maintenance and maintenance for public facilities (gas, water and electricity) and iii) the 
limited possibilities in changing their management. Along railways, the possibilities for a 
changing management are also very limited because half of the total surface consists of 
woody vegetation and the grassy parts are mown as often as necessary to assure a clear view 
for train drivers. However, the above-mentioned problems do not often occur in verges along 
waterways and therefore, any potential for C sequestration should be focused on these verges. 
A possible measure to enhance C sequestration in these verges is to increase the frequency of 
grazing. Only a very small percentage of the verges along waterways are grazed, the rest is 
mown. In general, grazing enhances the SOC stock (Hassink & Neeteson, 1991; Schuman et 
al., 1999). Planting trees in all three types of verges could also lead to an additional C 
sequestration mainly in the aboveground biomass but less in the soil.  
The total surface covered with grass for the category ‘gardens and parks’ was estimated at 
9,530 ha and for the category ‘recreation areas’ at 2,360 ha. Table 3.18. shows the values of 
parameter k for temporary grassland for the extrapolation for the layer 60-100 cm. The mean 
SOC contents to 1 m, used to calculate the total SOC stocks, are shown in Table 3.19. For the 
grassy parts of the category ‘gardens and parks’, a total SOC stock of 1,392 kt SOC was 
calculated and of 346 kt SOC for the category ‘recreation areas’. For the grassy urban area, 
the total surface equals 5% of the total grassland area and the total SOC stock was almost 6% 
of the total SOC stock for Flemish grasslands. Management measures to enhance C 
sequestration by the urban area are quite difficult because i) gardens are private property and 
cannot easily be subjected to laws and ii) parks and recreation fields keep their grasses very 
short. However, the IPCC (2001) mentions a management strategy for urban and peri-urban 
land. Tree planting, waste management and wood production could lead to a net annual rate 
of change in C stocks of 0.3 t C ha-1 yr-1. 
 
 
3.4. Conclusion 
 
Within the framework of the Kyoto Protocol, establishing a baseline C stock for 1990 is 
crucial determining whether grassland is a sink or a source for C. Total SOC stocks (1 m) for 
grasslands in Flanders were calculated for the Kyoto reference year 1990 and for 2000 and 
have decreased over this period from respectively 38,031 kt SOC to 33,695 kt SOC. This 
decrease in SOC stock could partly be explained by a decline in grassland area (responsible 
for 29% of the decline), but it was mainly due to a decrease in SOC content due to changed 
management practices (responsible for 71% of the decline). Linear regression, which plotted 
%SOC against time confirm the flux of OC between 1990 and 2000. Flemish grassland soils 
have been a source of CO2 for an amount of 16,000 kt CO2 eq. over a period of 10 years. The 
source for CO2 was partly because a considerable amount of grassland area was most likely 
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cultivated to cropland (a rapid loss of organic matter) but mainly because the soil itself has 
lost CO2 due to a decrease in mean %SOC and SOC content. 
For natural grasslands in Flanders, the current total stock was calculated at 361 kt SOC. 
The total grassy area of verges along roads, waterways and railways was calculated to be 
18,027 ha, of gardens and parks 9,530 ha and of the recreation areas 2,360 ha. The total SOC 
stock (to 1 m depth) for the three types of grass-covered verges was estimated at 3,520 kt 
SOC. For the grassy parts of the category ‘gardens and parks’, a total stock of 1,392 kt SOC 
was calculated and 346 kt SOC for the category ‘recreation areas’. 
Total SOC stock for grass-covered verges, extrapolated to 1 m depth, was estimated at 3,520 
kt SOC. Total SOC stock for grassy vegetation in urban areas was 1,738 kt SOC. Although 
their potential for additional C sequestration by both verges and urban areas is relatively 
small, they still have a total SOC stock which is almost 15% of the total SOC stock in 
Flemish grasslands. 
Estimating parameters, extrapolating data and scaling up for calculating stocks lead to high 
uncertainties. The presented study on SOC stocks in Flanders also shows that caution is 
advisable when interpreting results. In the future, there should be a uniform protocol on 
sampling methodology and sample analysis, so that the determination of SOC stocks can be 
done as accurately as possible. In this way, recalculations and adjustments on databases can 
be avoided. 
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Chapter 4: Field experiment on the influence of different 
management activities on C sequestration 
 
4.1. Introduction  
 
Historically, soils have lost between 40 and 60 Pg C globally through cultivation and 
disturbance (Paustian et al., 1997). However, by reversing the cultivation, the depleted 
organic carbon (OC) levels in soils could be restored to the original level through increases in 
soil organic carbon (SOC) content by establishing grassland (Guo & Gifford, 2002; Post & 
Kwon, 2000; Römkens et al. 1999, Sauerbeck, 2001). Soil C sequestration can be achieved by 
increasing the C inputs into the soil and by slowing down the decomposition rate of organic 
matter (OM) but then it is necessary to develop proper management practices which realise 
higher inputs of C into the soil. Soil C sequestration could be important in providing a 
mechanism to temporarily buffer rising CO2 concentration (Degryze et al., 2004). However, C 
sequestration could play only a minor role in closing the difference between the predicted and 
target C emission (Smith, 2004b) and the future objective of managing C sequestration is to 
increase the C stocks relative to current stocks.  
The aim of this study is to investigate which management activities have the largest potential 
for C sequestration. Therefore, a field experiment on three different soil types was set up. By 
this experiment, C accumulation, variability of C sequestration and aboveground biomass 
production within different grassland types and varying nutrient inputs were studied. 
However, detecting changes in SOC caused by changes in management requires long-term 
intensive and precise sampling. As a consequence the detectability of significant changes in 
SOC, especially after a short period of time, is very small (Conant et al., 2003; Conen et al., 
2003 and Smith, 2004a). Nevertheless, this experiment can already show some trends.  
 
 
4.2. Materials and Methods 
 
The experimental fields were located on a sandy loam soil (Merelbeke), a light clayey soil 
(Watervliet) and a fine sandy soil (Geel). All fields on the three locations have been used as 
cropland since decades. The year before the experiment was started, flax, winter wheat and 
mangel-wurzels were cultivated respectively on the sandy loam, the light clayey and the fine 
sand soil. On the sandy loam soil, the experiment was started in spring 2001, for the clayey 
and sandy soil in spring 2002 and the measurements finished in 2004. Two different grassland 
types were sown, i.e. verges and typical grassland for agricultural use. Between all treatments, 
there was always a border of approximately 3 m to exclude any crop contamination and effect 
of the neighbouring fields. On the sandy loam location, each treatment had 4 replicates (plot = 
8.4 m²) whereas due to practical reasons, on the clayey and sandy location only 2 replicates 
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were used. The mineral nitrogen was applied as a mixture of the type 15-7-22 with the 
nitrogen applied in the form of nitrate (6.2%) and of ammonia (8.8%). The nitrogen was 
applied after the different cuts were taken. Approximate dates of mowing and fertiliser 
application are given in Appendix I, at the end of this chapter. 
 
 
4.2.1. Grassland for agricultural use  
 
Four different treatments were carried out: the level of fertilisation, the cutting regime, the 
grass mixtures and the removal of the hay. The N fertiliser levels were 450 kg N ha-1 yr-1, with 
7, 5 and 3 cuts per year; 225 kg N ha-1 yr-1 with 5 and 3 cuts per year and 0 kg N ha-1 yr-1 with 
3 and 2 cuts per year. Two different grass mixtures were used. Mixture M1 was composed of 
Lolium perenne ‘Ritz’ (35%), Lolium perenne ‘Pandora’ (35%), Phleum pratense ‘Erecta’ 
(15%), Festuca pratensis ‘Merifest’ (10%) and Poa pratensis ‘Balin’ (5%). Mixture M2 is 
composed of the same grasses but in quantities of respectively 32.5, 32.5, 15, 10, 5% and 
supplemented with 5% Trifolium repens ‘Merwi’. Whether or not the hay was removed after 
mowing, was an additional factor on the sandy loam soil to investigate the presence of a litter 
layer on the OC accumulation in the soil. On the clayey and sandy soil, the hay was always 
removed. Dicotyledons in both plots with M1 and M2 and clover on the plots with mixture 
M1 were systematically removed by the use of herbicides (Bofix, for removal of herbs and 
clover; Tropotox/MCPB, on the grass/clover swards). 
 
 
4.2.2. Verges 
 
Three different factors were investigated. The first factor was the number of cuts: 1 or 2 cuts 
per year which is also used in practice depending on the availability of nutrients for the 
vegetation. The second factor was the grass mixture. Two different grass mixtures were used. 
Mixture M3 consisted of Festuca rubra ‘Bargena’ (30%), Festuca rubra ‘Bargreen’ (20%), 
Festuca ovina subsp. duriuscula ‘Barreppo’ (25%), Festuca ovina ‘Barok’ (20%) and 
Agrostis tenuis ‘Bent’ (5%). Mixture M4 consisted of Lolium perenne ‘Barrage’ (30%), 
Festuca rubra ‘Bargena’ (40%) and Poa pratensis ‘Balin’ (30%). Natural colonization of 
Dicotyledons was allowed. The third factor introduced was the removal of the hay. In 
Flanders, the hay must be removed from verges at last 10 days after mowing but in reality, the 
hay is often not removed. Therefore, at the sandy loam location, the experiment was repeated 
with and without removal of the hay. On the other two locations, the hay was always 
removed. No fertilisation was applied on the verges. 
Chapter 4 
 
 
 107
4.2.3. Aboveground biomass 
 
The aboveground biomass was measured after each cut by weighing and sampling the fresh 
matter, harvested on the plots. The fresh biomass of the sample was dried at 75°C for 3 days 
and dry matter content and yield was determined. By summing up the individual dry matter 
measurements per cut, the dry matter yield per year was determined and used for further 
statistical calculations. Aboveground dry matter production was also calculated as the mean 
over the years of the experiment. 
 
 
4.2.4. Soil organic carbon concentration 
 
Before the experiment was set up, soil samples were taken per treatment (verges, grassland 
with removal of the hay, grassland without removal of the hay) at the different locations at 0-
10, 10-30 and 30-60 cm in March 2001 (Merelbeke) or March 2002 (Geel and Watervliet). In 
October 2004, the three locations were sampled again, but then a mixture of 3 sub samples 
was taken on each plot (every replicate). The samples were air dried, sieved through a 2 mm 
sieve to remove any living and dead plant material and analysed with the method of Walkley 
& Black (1934) for organic carbon and compensated (1.33) for the incomplete oxidation of 
Walkley and Black (Batjes, 1996). 
 
 
4.2.5.   Error on the analysis 
 
The laboratory error on the SOC analyses was also determined by putting a blank sample 
between the samples to be analysed. The detection error of the laboratory analysis was 
determined to be 0.06 %OC and for reproducibility a standard deviation of 0.02 %OC and a 
RSD (relative standard deviation) of 3.48% was found. 
 
 
4.2.6. Statistical analysis 
 
For the statistical analysis, S-Plus 6.1 (Insightful Incorporation, USA) was used. Mean and 
standard deviation for the various treatments were calculated. Conditions of normality 
(Kolmogorov-Smirnov) and of equal variances (Levene) were fulfilled. To find significant 
differences between the original and final SOC concentrations, a standard T-test was used. 
The data were not paired because the original SOC levels were taken per group of main 
management regimes: verges, grassland with removal and grassland without removal of the 
hay and not per plot as for the final SOC levels. Conant et al. (2003) found in their study that 
paired and unpaired analysis gave the same detection possibility for SOC. To find significant 
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effects of the various factors introduced, an Anova test was used in combination with Tukey 
post-hoc test. Significance was tested at P<0.05. 
 
 
4.3. Results and discussion 
 
First, the aboveground biomass production will be discussed followed by the soil organic 
carbon concentration for the field experiment. 
 
 
4.3.1. Aboveground biomass 
 
4.3.1.1. Grassland for agricultural use 
 
Merelbeke (sandy loam soil) (Table 4.1.) 
In 2002, one year after sowing, the following trends in aboveground biomass production were 
found. The yield increased in the order of nitrogen application 0N<225N<450N ranging 
between 11300 kg ha-1 (0N) and 21150 kg ha-1 (450N). The introduction of clover showed 
statistically no effect on the production and the removal of the hay had only an influence for 
the 450N fertilisation for which the removal treatment showed a significantly higher biomass 
production than when the hay was not removed. 
In the year 2003, there was an overall lower production compared to 2002 and 2004. For both 
the 0N and 225N, the yield was similar between the treatments where the hay was removed 
and where not. For the 450N application, the yield was similar for the 5 and 3 cuts when the 
hay was removed compared with no removal but for the 7 cuts, the yield was significantly 
lower when the hay was removed. Clover presence led to significantly higher biomass for the 
0N and 225N treatments when the hay was removed. The explicit lower yields were due to 
the high temperature and dry summer period. The year 2003 was not left out from the 
calculations because it is normal that yield fluctuates over the years due to climatic 
conditions. Moreover, the results show that the influence of the different management 
treatments fluctuated over the years. 
The plots in 2004 had recovered from the very dry summer in 2003. When the hay was 
removed, the dry matter production increased with the amount of N fertilisation applied 
(0N<225N<450N). When the hay was not removed, the dry matter productions were quite 
similar between the different nitrogen treatments. 
Over the three years (2002-2004), trends became more clear. Within the 450N treatment, no 
individual effect of the number of cuts and of clover was found, but the interaction clover 
presence: cuts was statistically significant. The biomass production was higher with the 
removal of hay compared with no removal and the interaction hay (removal or not):cuts was 
statistically significant. The same interactions hay: cuts and clover: cuts were significant for 
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the 225N treatment. However, no significant individual effect from clover, hay and number of 
cuts was found. For the 0N treatment, there was a clear effect of the number of cuts over the 
years. Under both hay treatments, the aboveground dry matter production was significantly 
higher for 2 cuts than for 3 cuts. There is a trend for higher production when clover was 
introduced but this was not significant. The removal of the hay led to (non significant) lower 
productions of aboveground biomass for the 0N treatment. A comparison between the 
different fertiliser treatments (0N, 225N and 450N) was made for 3 cuts. The different factors 
introduced were interacting; the interactions hay (removal or not):fertilisation and clover 
presence: fertilisation were significant. Comparison between the 450N and 225N with 5 and 3 
cuts showed no significant effect of fertilisation on the aboveground biomass but the 
interactions hay (removal or not):cuts and clover presence: cuts were significant. 
Over the three years, it became clear that the introduction of clover only had an effect 
(however not significant) on the 0N treatment. This was expected as biological N2 fixation as 
well as the relative importance of clover in the botanical composition of a sward decreases at 
higher levels of N fertilisation (Woledge et al., 1990; Zimmerman & Nösberger, 1999; De 
Vliegher & Carlier, 2003). A higher aboveground production for grass/clover mixture 
compared with grass monocultures was also observed by Elgersma & Hassink (1997).  
There was also an indication that the effect of the removal of hay disappeared when less 
fertiliser was applied. The lower production in aboveground biomass led to smaller quantities 
of hay which had less influence on the regrowth of the vegetation. When 450N was applied, 
the yield was in general higher when the hay was removed; with 225N the yield was similar 
under both hay treatments and with 0N, the yield was higher when the hay was not removed. 
This illustrates that plant litter also serves as a source of nutrient input into the soil. That 
especially the treatment of 0N benefits from this extra source of N, is confirmed by the 
aboveground biomass production. On the other hand, when the amount of hay left on the field 
is quite large, for example when there are only 1 or 2 cuts or after the first cut in spring, there 
is a possible risk of suffocation of the sward. One should expect that with more cuts, the 
amounts of hay left on the field will be smaller which should be better for the sward. 
However, with 7 or only 2 cuts per year, the yield seemed to have no disadvantage from the 
fact that the amount of hay left on the field is small or large (just 2 times). In the case of 2 
cuts, the grass after the first cut was already very stemmy and dry when it was cut. This can 
be the reason why the sward did not suffocate. Anyhow, the aboveground biomass production 
for 0N fertilisation under no removal of the hay is as high as for the treatments which 
received fertiliser. 
We were most surprised that, especially for the 450N treatment, the yield was still high when 
the hay was not removed. From observations in the field during the year, it was expected that 
the yield for the treatment without removal of the hay would drastically decline. However, 
that was not the case. The biomass production followed the same trend as when the hay was 
removed. But, there was a large shift in the botanical composition of the plots where the hay 
was left on the field, especially in the ones with fertiliser supply. On the 450N plots, although 
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there was a thick litter layer, the emergence of the grass was relatively good but with a lot of 
weeds. The weeds were systematically removed before mowing. It is very likely that without 
systematically removing the weeds, the grasses would not have a chance to recover and to 
survive. And so, after a few years there would not be any grass left in the plots with 450N 
without removal of the hay. In the 225N treatment, there were fewer weeds compared to the 
450N and in 0N no weeds were present. For both 225N and 0N, there was no litter layer but 
the plots without removal of the grass, showed gaps where no grass/weeds were growing. 
However, these gaps seemed to recover with time through growing of the swards and tillering. 
When the hay was removed, fewer weeds were present. 
For the plots where the hay was left on the field, there was, next to the higher concentration of 
weeds, also a shift in the grass composition. Due to the competition for light and nutrients and 
the competition with weeds, the most competitive species dominated. The grass composition 
shifted to a dominance of Lolium perenne. The low competitive ability of e.g. Festuca 
pratensis in intensively managed grasslands was also found by Zimmerman & Nösberger 
(1999). In plots where the hay was removed, species/botanical composition remained constant 
over time.  
 
 
 
Table 4.1. Aboveground dry matter production (kg ha-1) with standard deviation (sd) for different treatments on the sandy loam location 
(Merelbeke) for the years 2002, 2003, 2004 and a mean over the years  
 2002 2003 2004 2002-2004 
 with removal without removal with removal without removal with removal without removal with removal without removal 
Treatment Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd 
 
0N/3 cuts/M1 
0N/3 cuts/M2 
0N/2 cuts/M1 
0N/2 cuts/M2 
 
225N/5 cuts/M1 
225N/5 cuts/M2 
225N/3 cuts/M1 
225N/3 cuts/M2 
 
450N/7 cuts/M1 
450N/7 cuts/M2 
450N/5 cuts/M1 
450N/5 cuts/M2 
450N/3 cuts/M1 
450N/3 cuts/M2 
 
12291 ± 778 
11305 ± 683 
11727 ± 1719 
12740 ± 1866 
 
14911 ± 414 
17910 ± 892 
16459 ± 301 
15972 ± 704 
 
20681 ± 1074 
21157 ± 1122 
17677 ± 631 
19186 ± 376 
18255 ± 336 
16407 ± 1321 
 
11972 ± 1272 
11359 ± 704 
12614 ± 1598 
13254 ± 1018 
 
15067 ± 195 
15950 ± 463 
16951 ± 963 
15638 ± 650 
 
17136 ± 537 
15319 ± 425 
14978 ± 339 
14960 ± 797 
15406 ± 927 
14780 ± 848 
 
3669 ± 2374 
5330 ± 696 
10955 ± 1423 
12000 ± 1369 
 
9735 ± 703 
12528 ± 731 
7595 ± 730 
8925 ± 1052 
 
13114 ± 385 
14051± 623 
12076 ± 846 
13412 ± 777 
11552 ± 813 
10682 ± 872 
 
10108 ± 888 
8925 ± 1052 
12801 ± 984 
15118 ± 768 
 
11617 ± 596 
12289 ± 766 
13350 ± 1032 
11556 ± 1744 
 
9112 ± 333 
10512 ± 904 
13691 ± 6399 
12066 ± 2382 
12497 ± 1581 
10293 ± 1385 
 
7569 ± 840 
11532 ± 584 
10099 ± 615 
12268 ± 1176 
 
12361 ± 1258 
14516 ± 253 
12965 ± 1062 
12517 ± 1591 
 
15703 ± 425 
14912 ± 415 
16972 ± 140 
16479 ± 471 
15406 ± 335 
14173 ± 1065 
 
10023 ± 764 
12675 ± 1420 
12614 ± 1103 
14789 ± 572 
 
14113 ± 325 
13275 ± 1190 
14114 ± 805 
14312 ± 538 
 
11986 ± 480 
10643 ± 646 
13463 ± 515 
12857 ± 537 
16077 ± 1264 
14121 ± 1153 
 
7843 ± 867 
9389 ± 644 
10927 ± 1055 
12354 ± 1343 
 
12335 ± 463 
14985 ± 363 
12340 ± 237 
12471 ± 1044 
 
16499 ± 494 
16704 ± 358 
15575 ± 395 
16359 ± 229 
15071 ± 329 
13754 ± 716 
 
10700 ± 911 
12022 ± 1210 
12677 ± 766 
14407 ± 737 
 
13606 ± 219 
13838 ± 583 
14805 ± 350 
13835 ± 485 
 
12745 ± 330 
12158 ± 504 
14044 ± 2255 
13294 ± 618 
14660 ± 673 
13064 ± 1074 
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Geel (sand) (Table 4.2.) 
For the year 2003, the aboveground production increased with increasing fertiliser application 
(0N<225N<450N). Neither the introduction of clover nor the number of cuts did have an 
effect in the 450N treatment. Plots with 3 cuts had significantly higher dry matter productions 
compared with 5 cuts under 225N application. 
More trends became clear in the following year (2004). The biomass production for 450N and 
225N were almost the same but significantly higher compared to 0N. For both 450N and 
225N there was no effect of the clover presence and the 3 cuts treatment led to a significantly 
higher yield than respectively 7, 5 cuts (450N) and 5 (225N) cuts. Plots sown with clover in 
the 0N treatment had no significantly higher production than plots without clover. The 2 cut 
treatment gave a higher yield than the 3 cut treatment (not significant). 
Over the years, for both the 450N and 225N treatment, the 3 cuts led to a significantly higher 
biomass compared to 7 and 5 cuts and both showed no clover effect. Also in Geel, clover had 
only influence on the 0N treatment. However, as in Merelbeke, it was not significant. 
Comparing the different fertiliser treatments with 3 cuts, fertilisation did lead to significantly 
higher dry matter productions for 450N compared to 225N and 0N and for 225N compared to 
0N.  
 
Table 4.2. Aboveground dry matter production (kg ha-1) with standard deviation (kg ha-1) for 
different treatments on the sandy location (Geel) for the years 2003, 2004 and a mean over the 
years 
 2003 2004  2003-2004 
Aboveground dry matter  
Treatment Mean ± sd Mean ± sd Mean ± sd 
 
0N/3 cuts/M1 
0N/3 cuts/M2 
0N/2 cuts/M1 
0N/2 cuts/M2 
 
225N/5 cuts/M1 
225N/5 cuts/M2 
225N/3 cuts/M1 
225N/3 cuts/M2 
 
450N/7 cuts/M1 
450N/7 cuts/M2 
450N/5 cuts/M1 
450N/5 cuts/M2 
450N/3 cuts/M1 
450N/3 cuts/M2 
 
12033 ± 1381 
11926 ± 590 
11032 ± 1251 
13045 ± 820 
 
13500 ± 417 
13830 ± 559 
15416 ± 639 
15969 ± 863 
 
14935 ± 185 
15509 ± 39 
14864 ± 1390 
14683 ± 859 
17352 ± 733 
16975 ± 1709 
 
10238 ± 1564 
12483 ± 35 
11037 ± 1591 
14694 ± 1664 
 
13041± 1513 
12195 ± 20 
20355 ± 1049 
20249 ± 364 
 
13473 ± 168 
13299 ± 641 
13277 ± 1478 
13309 ± 790 
20089 ± 264 
20820 ± 1402 
 
11135 ± 92 
12204 ± 312 
11034 ± 1421 
13869 ± 422 
 
13271 ± 965 
13012 ± 289 
17885 ± 205 
18109 ± 249 
 
14204 ± 177 
14404 ± 340 
14070 ± 1434 
13996 ± 34 
18721 ± 498 
18898 ± 1555 
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Watervliet (clay) (Table 4.3.) 
The first year after sowing, 2003, showed an increasing aboveground production with 
increasing fertiliser application (0N<225N<450N). Clover presence did not influence the 
aboveground production in the 450N and 225N treatment but in the 0N treatment it led to 
higher yield within and between the number of cuts (interaction clover: cuts is significant). 
The 225N plots with 5 cuts had a significantly higher biomass production compared with 3 
cuts. 
In the year 2004, trends were quite different than the year before. There was still no effect of 
clover for the 225 and 450N treatment, but 3 cuts showed now significantly higher yields than 
5 cuts (225) and 5 and 7 cuts (450). Also for the 0N treatment, 3 cuts led to a significantly 
higher production. The effect of clover was observed in the 0N treatment but again it was not 
significant. 
Over the years, there was a clover effect for the 0N treatment but as for Merelbeke and Geel 
the effect was statistically not significant. For the 450N, plots with 3 cuts had a significantly 
higher aboveground biomass production than with 7 or 5 cuts. Plots with 3 cuts led to 
significantly higher yields on the 0N treatment. For the 225N treatment, no significant 
influences of the various factors were found. 
It is striking that the aboveground dry matter production in Watervliet was much lower 
compared with the other two locations. Since many years, experiments of the Department of 
Crop Husbandry and Ecophysiology have been run on these fields and also then, much lower 
yields for Watervliet were observed at the same level of nitrogen fertilisation (De Vliegher et 
al., 2000; De Bel & Van Waes, 2002; De Bel et al., 2004). The clayey soil in Watervliet heats 
up slower in spring compared with the other soil types. Also, it is a light clayey soil which 
results in problems of drought in summer. The soil is sensitive for drought because the clayey 
layer is shallow and is on top of a sandy layer.  
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4.3. Aboveground dry matter production (kg ha-1) with standard deviation (kg ha-1) for 
different treatments on the clayey location (Watervliet) for the years 2003, 2004 and a mean 
over the years 
 2003 2004 2003-2004 
Aboveground dry matter  
Treatment Mean ± sd Mean ± sd Mean ± sd 
 
0N/3 cuts/M1 
0N/3 cuts/M2 
0N/2 cuts/M1 
0N/2 cuts/M2 
 
225N/5 cuts/M1 
225N/5 cuts/M2 
225N/3 cuts/M1 
225N/3 cuts/M2 
 
450N/7 cuts/M1 
450N/7 cuts/M2 
450N/5 cuts/M1 
450N/5 cuts/M2 
450N/3 cuts/M1 
450N/3 cuts/M2 
 
2130 ± 151 
4799 ± 329 
2882 ± 268 
3713 ± 519 
 
11337 ± 664 
11783 ± 238 
9363 ± 378 
9613 ± 795 
 
12059 ± 260 
12414 ± 26 
12970 ± 50 
13476 ± 364 
12132 ± 1316 
11999 ± 632 
 
5631 ± 1297 
13292 ± 2295 
1101 ± 85 
4259 ± 1898 
 
7622 ± 416 
7904 ± 256 
10604 ± 1106 
11319 ± 1453 
 
10487 ± 1231 
10744 ± 77 
9924 ± 307 
10354 ± 900 
14911 ± 860 
15858 ± 461 
 
3880 ± 724 
9045 ± 1312 
1991 ± 177 
3986 ± 1209 
 
9289 ± 540 
9843 ± 9 
9983 ± 364 
10466 ± 1124 
 
11273 ± 485 
11579 ± 52 
11447 ± 178 
11915 ± 632 
13521 ± 228 
13929 ± 547 
 
Both in Merelbeke and in Geel, clover had no influence in the first year after sowing. Only in 
Watervliet, the effect from clover was already visible the first year after sowing. At all three 
locations, the 3 cut treatment led to a significantly higher aboveground biomass compared 
with 5 and 7 cuts for both the 225N and 450N treatment. This observation of higher 
aboveground biomass production under 3 cuts was expected. Frequent mowing and the 
consequently small cuts lead to frequent removal of green, photosynthetic active leafs and 
partly of the stubble. After each cut, new small leaves have to be formed to maintain the 
photosynthesis of the sward. Under less frequent mowing, the leafs can maintain a higher rate 
of photosynthesis. Overall, the aboveground dry matter productions obtained here were within 
the expected range (De Vliegher et al., 2000; De Bel et al., 2004) and the differences in 
aboveground production between intensively (450 kg N ha-1) and extensively managed 
swards (0 kg N ha-1) were also observed in the study by Zimmerman & Nösberger (1999). 
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4.3.1.2. Verges 
 
Merelbeke (sandy loam) (Table 4.4.) 
For the verges, in 2002, no statistically significant effects of the number of cuts, removal (or 
not) of the hay and of the grass mixtures were found. Only with two cuts, the aboveground 
dry matter production tended to be higher when the hay was not removed. 
In 2003 and 2004, verges with 2 cuts had a significantly higher production than those with 1 
cut per year. With 1 cut, the production was similar under removal and under no removal; 
with 2 cuts it was slightly higher under no removal. 
Over the years, the number of cuts was the only influencing factor with significantly higher 
biomass production with 2 cuts. The grass mixture and the removal of the hay did not have 
any statistical effect on the aboveground production.  
In the field, the differences between 1 and 2 cuts could be seen. Because no weeds and herbs 
were removed, the percentage of weeds/herbs in the total fresh yield changed with the 
management applied, with more weeds under 1 cut compared with 2 cuts when the hay was 
not removed from the plots. For the verges where the hay was not removed, there was a large 
litter layer but weeds, herbs, clover and grasses could emerge very easily. The plots with 2 
cuts per year had a thinner litter layer and the emergence was better than in the plots with 1 
cut which was also reflected in the aboveground dry matter production. The plots with 1 cut 
received all the hay at once which means an enormous mass of plant material. The grass of 
these plots was mature, stemmy and dry when it was mown and probably this was why the 
sward did not suffocate and recovered well. For the verges for which the hay was removed 
after mowing, there were less weeds, herbs and more grass and especially more clover than 
under no removal of the hay. Aboveground yields were similar for both hay treatments. 
However, the percentage grass in the aboveground biomass was lower under no removal 
compared with the biomass from the plots were the hay was removed. 
 
 
 
 
 
Table 4.4. Aboveground dry matter production (kg ha-1) with standard deviation (kg ha-1) for different treatments on the sandy loam location 
(Merelbeke) for the years 2002, 2003, 2004 and a mean over the years 2002-2004 
2002 2003 2004 2002-2004 
Aboveground dry matter production 
With removal Without removal With removal Without removal With removal Without removal With removal Without removal 
 
 
 
Treatment mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd mean ± sd 
 
1 cut/M3 
1 cut/M4 
 
2 cuts/M3 
2 cuts/M4 
 
12054 ± 533 
12916 ± 2543 
 
12178 ± 1818 
12073 ± 1437 
 
12854 ± 1274  
12258 ± 1642 
 
14241 ± 1617 
13940 ± 601 
 
7093 ± 1474 
6610 ± 904 
 
9837 ± 1645 
9820 ± 1733 
 
7319 ± 705 
5943 ± 1299 
 
10126 ± 1544 
11097 ± 2314 
 
7558 ± 905 
7096 ± 655 
 
11997 ± 1312 
11849 ± 2018 
 
5605 ± 483 
5879 ± 676 
 
9704 ± 399 
10899 ± 1573 
 
8902 ± 691 
8874 ± 1239 
 
11337 ± 1499 
11247 ± 1083 
 
8593 ± 757 
8027 ± 1078 
 
11357 ± 1063 
11978 ± 558 
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Geel (sand) (Table 4.5.) 
For both 2003 and 2004, the 2 cuts treatment led to statistically significantly higher 
aboveground productions. In 2003, there was no influence of the grass mixture sown whereas 
in 2004 M3 tended to give a higher production than M4. 
Over the two years, the number of cuts was the only factor with a significant influence. 
 
Table 4.5. Aboveground dry matter production (kg ha-1) with standard deviation (kg ha-1) for 
different treatments on the sandy location (Geel) for the years 2003, 2004 and a mean over the 
years 
 2003 2004 2003-2004 
Aboveground dry matter  
Treatment Mean ± sd Mean ± sd Mean ± sd 
 
1 cut/M3 
1 cut/M4 
 
2 cuts/M3 
2 cuts/M4 
 
7409 ± 464 
7602 ± 1599 
 
11781 ± 538 
11379 ± 1844 
 
7954 ± 132 
6698 ± 64 
 
11087 ± 789 
10432 ± 625 
 
7682 ± 166 
7150 ± 831 
 
11434 ± 831 
10905 ± 1235 
 
 
Watervliet (clay) (Table 4.6.) 
Same trends were found for both 2003 and 2004 with significantly higher biomass 
productions with 2 cuts compared with 1 cut and no significantly higher biomass with M3 
than with M4. Also here the only significant factor was the number of cuts. 
 
Table 4.6. Aboveground dry matter production (kg ha-1) with standard deviation (kg ha-1) for 
different treatments on the clayey location (Watervliet) for the years 2003, 2004 and a mean 
over the two years 
 2003 2004 2003-2004 
Aboveground dry matter  
Treatment Mean ± sd Mean ± sd Mean ± sd 
 
1 cut/M3 
1 cut/M4 
 
2 cuts/M3 
2 cuts/M4 
 
3185 ± 839 
2343 ± 309 
 
3620 ± 36 
3330 ± 405 
 
2271 ± 17 
2120 ± 23 
 
4527 ± 297 
3616 ± 85 
 
2728 ± 411 
2232 ± 143 
 
4074 ± 130 
3473 ± 160 
 
 
For Geel and Watervliet, the botanical composition changed with the years to more 
herbs/weeds in the sward. However, under each management applied the species composition 
remained constant. 
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The verges showed at all three locations (with different texture) the same trend. The 2 cuts 
regime did lead to higher aboveground dry matter production. Neither the grass mixture nor 
the removal (or not) of the hay showed an effect. 
 
 
4.3.2. Results on soil organic carbon concentration 
 
4.3.2.1. Grassland for agricultural use 
 
Original and final SOC concentrations in grassland for agricultural use are shown in Table 
4.7. for Merelbeke and Table 4.8 for Geel and Watervliet. Significant main effects and/or 
interactions are only discussed for the depth 0-10 cm because only for this depth significant 
increases in SOC against the original cropland concentrations were found.  
 
Merelbeke (sandy loam) 
After 3 years of experimentation, agriculturally managed systems gave an overall increase of 
14% in SOC concentration.  
For the 450N treatment, the non removal of the hay led to significantly higher increases 
compared to the removal of hay of respectively 0.15 %OC and 0.09 %OC. For the plots 
where the hay was not removed, clover tended to higher non-significantly increases in SOC 
concentration. With 225N, the increase in OC was higher when the hay was removed (0.12 
%OC compared to 0.08 %OC), however not significant. Also here, clover tended to higher 
(non significant) increases in SOC. Under the 0N treatment, the plots with clover had 
significantly higher increases in SOC concentrations.  
Between the different fertiliser treatments (0N, 225N and 450N; 3 cuts), the interactions hay: 
fertilisation and clover presence: fertilisation were significant.  
 
 
 
 
Table 4.7. Original and final SOC concentration and standard deviations (sd) in % OC for the sandy loam soil in Merelbeke for different 
treatments and depths 
Merelbeke 
Grassland without removal of the hay 
Merelbeke 
Grassland with removal of the hay 
 
 
 
Treatment 
0-10 cm 
Mean ± sd 
10-30 cm 
Mean ± sd 
30-60 cm 
Mean ± sd 
0-10 cm 
Mean ± sd 
10-30 cm 
Mean ± sd 
30-60 cm 
Mean ± sd 
 
Original SOC concentration 
 
Final SOC concentrations 
0N/3 cuts/M1 
0N/3 cuts/M2 
0N/2 cuts/M1 
0N/2 cuts/M2 
 
225N/5 cuts/M1 
225N/5 cuts/M2 
225N/3 cuts/M1 
225N/3 cuts/M2 
 
450N/7 cuts/M1 
450N/7 cuts/M2 
450N/5 cuts/M1 
450N/5 cuts/M2 
450N/3 cuts/M1 
450N/3 cuts/M2 
 
0.99
1.13 ± 0.04
1.08 ± 0.09
1.03 ± 0.13
1.19 ± 0.05
1.05 ± 0.08
1.11 ± 0.08
1.03 ± 0.04
1.11 ± 0.12
1.13 ± 0.09
1.08 ± 0.07
1.17 ± 0.02
1.14 ± 0.14
1.12 ± 0.08
1.18 ± 0.08
 
 
 
 
*** 
 
 
*** 
 
 
* 
 
 
 
* 
* 
*** 
 
* 
** 
 
0.83
0.83 ± 0.07
0.86 ± 0.06
0.83 ± 0.02
0.83 ± 0.04
0.75 ± 0.05
0.76 ± 0.05
0.81 ± 0.07
0.78 ± 0.09
0.80 ± 0.06
0.81 ± 0.07
0.88 ± 0.10
0.81 ± 0.08
0.82 ± 0.05
0.83 ± 0.03
 
 
 
 
 
 
 
 
 
 
* 
 
 
 
0.39 
 
 
0.34 ± 0.07 
0.40 ± 0.07 
0.33 ± 0.07 
0.42 ± 0.05 
 
0.40 ± 0.06 
0.37 ± 0.05 
0.35 ± 0.04 
0.33 ± 0.03 
 
0.32 ± 0.05 
0.35 ± 0.07 
0.37 ± 0.04 
0.39 ± 0.06 
0.41 ± 0.09 
0.41 ± 0.05 
 
0.95
1.08 ± 0.07
1.00 ± 0.04
1.08 ± 0.05
1.12 ± 0.05
1.04 ± 0.02
1.06 ± 0.02
1.07 ± 0.02
1.11 ± 0.04
1.02 ± 0.06
1.07 ± 0.05
1.03 ± 0.04
1.09 ± 0.05
0.97 ± 0.05
1.04 ± 0.07
 
 
 
 
* 
 
** 
*** 
 
*** 
*** 
*** 
*** 
 
 
 
 
*** 
 
 
0.83
0.87 ± 0.08
0.87 ± 0.07
0.90 ± 0.05
0.98 ± 0.05
0.86 ± 0.04
0.79 ± 0.08
0.82 ± 0.02
0.83 ± 0.07
0.79 ± 0.03
0.78 ± 0.02
0.83 ± 0.06
0.87 ± 0.05
0.80 ± 0.05
0.84 ± 0.08
 
 
 
 
 
 
* 
* 
 
* 
 
 
 
 
 
 
 
 
0.38 
 
 
0.37 ± 0.03 
0.38 ± 0.05 
0.40 ± 0.02 
0.47 ± 0.08 
 
0.40 ± 0.07 
0.36 ± 0.07 
0.29 ± 0.14 
0.33 ± 0.07 
 
0.29 ± 0.05 
0.33 ± 0.07 
0.37 ± 0.09 
0.27 ± 0.13 
0.37 ± 0.05 
0.35 ± 0.07 
*significant at 0.05; **significant at 0.01; *** significant at 0.001 
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Geel (sand) 
The increases in SOC were small so consequently nearly no significant increases were found. 
On average there was a 2% increase for agricultural grasslands. Nevertheless, SOC is likely to 
increase when cultivated soils are changed to permanent grassland or when there is a 
management for high grass productivity (Post & Kwon, 2000). 
For both the 0N and 450N fertiliser application, no trends were found. Only for 225N, clover 
led to significantly higher increases in SOC concentration. 
 
Watervliet (clay) 
Under grassland for agricultural use, the SOC concentration was on average 35% higher 
compared with the starting values. 
Although significant increases were found for all treatments against the original SOC levels, it 
was not clear which treatment was more efficient in sequestering C. 
 
 
 
 
Table 4.8. Original and final SOC concentrations with standard deviations (sd) in OC% for the sandy (Geel) and clayey soil (Watervliet) for 
different treatments and depths  
Geel Watervliet 
0-10 cm 10-30 cm 30-60 cm 0-10 cm 10-30 cm 30-60 cm 
 
 
Treatment Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd 
 
Original concentration 
 
0N/3 cuts/M1 
0N/3 cuts/M2 
0N/2 cuts/M1 
0N/2 cuts/M2 
 
Original concentration 
 
225N/5 cuts/M1 
225N/5 cuts/M2 
225N/3 cuts/M1 
225N/3 cuts/M2 
 
 Original SOC concentrations 
 
450N/7 cuts/M1 
450N/7 cuts/M2 
450N/5 cuts/M1 
450N/5 cuts/M2 
450N/3 cuts/M1 
450N/3 cuts/M2 
2.08
2.19 ± 0.10
2.05 ± 0.02
2.08 ± 0.09
2.08 ± 0.08
2.08
2.05 ± 0.05
2.17 ± 0.01
2.05 ± 0.06
2.21 ± 0.03
2.11
2.19 ± 0.01
2.20 ± 0.06
2.22 ± 0.02
2.17 ± 0.05
2.27 ± 0.03
2.12 ± 0.23
 
 
 
 
 
 
 
 
 
 
 
** 
 
* 
 
 
 
** 
 
* 
 
* 
 
1.91
1.90 ± 0.10
2.03 ± 0.21
2.05 ± 0.04
1.93 ± 0.07
1.95
2.15 ± 0.05
2.00 ± 0.03
2.07 ± 0.12
2.09 ± 0.20
2.01
2.04 ± 0.08
2.10 ± 0.02
2.10 ± 0.01
2.12 ± 0.18
2.13 ± 0.08
2.09 ± 0.09
 
1.20 
 
1.22 ± 0.06 
1.28 ± 0.08 
1.30 ± 0.24 
1.23 ± 0.04 
 
1.19 
 
1.26 ± 0.05 
1.15 ± 0.12 
1.39 ± 0.38 
1.25 ± 0.11 
 
1.20 
 
1.33 ± 0.03 
1.12 ± 0.07 
1.34 ± 0.03 
1.13 ± 0.09 
1.28 ± 0.08 
1.27 ± 0.08 
0.91
1.19 ± 0.03
1.19 ± 0.06
1.11 ± 0.15
1.16 ± 0.06
0.84
1.09 ± 0.04
1.13 ± 0.06
1.10 ± 0.05
1.05 ± 0.07
0.82
0.93 ± 0.03
1.03 ± 0.00
1.08 ± 0.08
0.97 ± 0.02
1.00 ± 0.02
1.01 ± 0.04
 
 
 
** 
* 
 
*  
 
 
 
* 
* 
* 
* 
 
 
 
* 
*** 
* 
** 
** 
* 
 
0.87
1.07 ± 0.04
0.98 ± 0.11
0.98 ± 0.18
1.03 ± 0.02
0.69
0.93 ± 0.00
1.00 ± 0.01
1.05 ± 0.14
0.96 ± 0.07
0.63
0.85 ± 0.07
0.89 ± 0.06
0.89 ± 0.08
0.86 ± 0.06
0.88 ± 0.06
0.92 ± 0.06
 
 
 
* 
 
 
*  
 
 
 
* 
* 
* 
* 
 
 
 
* 
* 
* 
* 
* 
* 
 
 
0.38 
 
0.51 ± 0.12 
0.49 ± 0.02 
0.45 ± 0.16 
0.55 ± 0.16  
 
0.36 
 
0.37 ± 0.02 
0.45 ± 0.00 
0.57 ± 0.24 
0.47 ± 0.01 
 
0.32 
 
0.39 ± 0.02 
0.37 ± 0.00 
0.44 ± 0.07 
0.47 ± 0.05 
0.44 ± 0.06 
0.49 ± 0.08 
*significant at 0.05; **significant at 0.01; *** significant at 0.001 
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4.3.2.2. Verges 
 
Also here, significant trends are discussed for only the 0-10 cm layer. Results are shown in 
Table 4.9. for the sandy loam soil and in Table 4.10. for the sandy and clayey soil. 
In Merelbeke, no removal of the hay tended to somewhat higher SOC concentrations 
compared with removal, but not significant. The 1 cut treatment led to significantly higher 
increases in OC concentration. Overall, the verges showed a significant relative C 
sequestration of 20%. 
On the sandy soil, the increase in SOC concentration was 4% and on the clayey soil the SOC 
concentration increased on average with 15%. But, for both Geel and Watervliet, no trends of 
the various factors introduced were found.  
 
 
 
 
 
Table 4.9. Original and final concentrations with standard deviation (sd) in %OC for verges on the sandy loam soil (Merelbeke) for different 
treatments and depths 
Merelbeke Merelbeke 
Grassland without removal of the hay Grassland with removal of the hay 
0-10 cm 10-30 cm 30-60 cm 0-10 cm 10-30 cm 30-60 cm 
 
 
 
Treatment Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd Mean ± sd 
 
Original SOC concentrations 
 
Final SOC concentrations 
1 cut/M3 
1 cut/M4 
 
2 cuts/M3 
2 cuts/M4 
0.86
1.06 ± 0.04 
1.07 ± 0.06
1.05 ± 0.07
1.01 ± 0.05
 
 
 
 
*** 
*** 
 
** 
*** 
0.78
0.77 ± 0.05
0.80 ± 0.08
0.84 ± 0.06
0.81 ± 0.05
0.34
0.32 ± 0.03
0.42 ± 0.09
0.36 ± 0.07
0.33 ± 0.02
0.86
1.01 ± 0.08
1.04 ± 0.01
0.97 ± 0.04
1.01 ± 0.08
 
 
 
 
** 
*** 
 
** 
** 
0.78
0.81 ± 0.14
0.77 ± 0.07
0.78 ± 0.07
0.79 ± 0.05
 
0.34 
 
 
0.37 ± 0.05 
0.31 ± 0.04 
 
0.36 ± 0.07 
0.34 ± 0.05 
*significant at 0.05; **significant at 0.01; *** significant at 0.001 
 
Table 4.10. Original and final SOC concentrations with standard deviation (sd) in %OC for the sand (Geel) and clay (Watervliet) soil for 
different treatments and depths 
Geel Watervliet 
Grassland (with removal of the hay) Grassland (with removal of the hay) 
0-10 cm 10-30 cm 30-60 cm 0-10 cm 10-30 cm 30-60 cm 
 
 
 
Treatment Mean  Mean Mean Mean  Mean Mean 
 
Original SOC concentrations 
 
Final SOC concentrations 
1 cut/M3 
1 cut/M4 
 
2 cuts/M3 
2 cuts/M4 
2.24
2.32 ± 0.04
2.38 ± 0.07
2.25 ± 0.04
2.34 ± 0.03
 
 
 
 
 
 
 
 
* 
2.04
2.27 ± 0.01
2.27 ± 0.07
2.17 ± 0.15
2.20 ± 0.16
1.45
1.51 ± 0.29
1.58 ± 0.03
1.73 ± 0.16
1.57 ± 0.02
1.09
1.25 ± 0.06
1.27 ± 0.03
1.29 ± 0.16
1.18 ± 0.02
 
 
 
 
 
* 
 
* 
1.02
1.11 ± 0.08
1.09 ± 0.07
1.13 ± 0.02
1.11 ± 0.03
 
0.56 
 
 
0.68 ± 0.11 
0.56 ± 0.17 
 
0.70 ± 0.10 
0.73 ± 0.09 
*significant at 0.05; **significant at 0.01; *** significant at 0.001 
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4.3.4. Discussion 
 
The most important factor influencing the input of organic carbon in the soil is the root 
biomass. According to van Eekeren et al. (2003), plant roots are the only possibility for 
increasing the amount of organic matter belowground and 4500 kg ha-1 yr-1 of root biomass is 
converted to organic matter under a normal grass sward. Organic matter is partly incorporated 
in grassland soils through rhizodeposition and root turnover which create the largest OC input 
to grassland soils and favour soil C storage (Soussana et al., 2004a). Saggar & Hedley (2001) 
found that 20 to 50% of all assimilated C was transported belowground to the root system. 
The root system is one of the major factors determining the quality and quantity of soil 
organic matter in agro-ecosystems. Therefore, explanations for differences in SOC 
concentrations are often searched within variations in root growth. 
Soussana et al. (2004a) showed in their study that soil C storage from one management to 
another (e.g. from cropland to grassland) is non linear. The data available from our study are 
insufficient to check if their exponential regression could also be used here. Because our 
study was limited in time (3 and 2 years), it was assumed that over this period the regression 
could be approached by a linear regression. So, linear regressions (for conversion of cropland 
to grassland) were performed but nearly no significant ones were found. Therefore, C 
accumulation rates were determined per year by calculating the flux over the 2 or 3 year 
period divided by 2 or 3. These C sequestration rates can be seen in Table 4.11. with the 
lowest sequestration rates on the sandy soil and the highest on the clayey soil. The cultivation 
of grassland to cropland is discussed in Chapter 1. The OC levels found in croplands are 
smaller than the ones measured in grassland soils (Batjes, 1999; Hougthon et al., 1999; Potter 
et al., 1999; Römkens et al., 1999; Pulleman et al. 2000; Lobe et al., 2001; Kuzyakov et al., 
2000 & 2001; Arrouays et al., 2002; Vleeshouwer & Verhagen, 2002; Soussana et al., 2004a). 
The C sequestration rates with the conversion of cropland to grassland are very slow and it 
will take several decades before the original (grassland) OC level will be regained. However, 
the OC concentrations are rarely restored to the same level as originally (Potter et al., 1999; 
Guo & Gifford, 2002). The C sequestration rates found here, over a 2-3 year period, are 
comparable with what was found by other authors for the conversion of croplands to 
grasslands. Potter et al. (1999) found a C sequestration rate of 0.447 t C ha-1 yr-1, 0.332 t C ha-
1 yr-1 by Post & Kwon (2000), 1.01 t C ha-1 yr-1 by Conant et al. (2001) and 1.44 t C ha-1 yr-1 
by Vleeshouwer & Verhagen (2002). Arrouays et al. (2002) found 0.5 t C ha-1 yr-1 and the 
IPCC (2001) mentions a mean of 0.8 (0.5-1.0) t C ha-1 yr-1. However, the rates of C 
sequestration expressed in t C ha-1 yr-1 are highly depended on the duration to which they 
apply. At the beginning of the conversion, the sequestration rates are high but decline 
afterwards (Soussana et al., 2004a). Therefore, it can be expected that the C sequestration 
rates mentioned here (Table 4.11.) will decline when considering over a period of 10-20 
years. 
 
 
 
 
 
Table 4.11. Carbon accumulation rates in %OC yr-1 and t OC ha-1 yr-1 for the 0-10 cm layer for the three locations 
Merelbeke 
No removal of hay 
Merelbeke 
 
With removal of hay 
Geel Watervliet 
        
 
 
 
 
Treatment % OC yr
-1 ± sd t OC ha-1 yr-1 ± sd % OC yr-1 ± sd t OC ha-1 yr-1 ± sd % OC yr-1 ± sd t OC ha-1 yr-1 ± sd % OC yr-1 ± sd t OC ha-1 yr-1 ± sd 
 
0N treatment 
 
225N treatment 
 
450N treatment 
 
verges 1 cut 
 
verges 2 cuts 
 
+ 0.039 ± 0.017 
 
+ 0.028 ± 0.008 
 
+ 0.049 ± 0.017 
 
+ 0.068 ± 0.015 
 
+ 0.057 ± 0.020 
 
+ 0.519 ± 0.226 
 
+ 0.372 ± 0.106 
 
+ 0.638 ± 0.230 
 
+ 0.904 ± 0.199 
 
+ 0.745 ± 0.266 
 
+ 0.040 ± 0.025
 
+ 0.040 ± 0.026
 
+ 0.029 ± 0.026
 
+ 0.055 ± 0.016
 
+ 0.043 ± 0.020
 
+ 0.532 ± 0.333 
 
+ 0.532 ± 0.346 
 
+ 0.372 ± 0.346 
 
+ 0.732 ± 0.213 
 
+ 0.572 ± 0.266 
 
+ 0.010 ± 0.036 
 
+ 0.020 ± 0.018 
 
+ 0.043 ± 0.033 
 
+ 0.055 ± 0.027 
 
+ 0.028 ± 0.017 
 
+ 0.144 ± 0.518 
 
+ 0.288 ± 0.259 
 
+ 0.619 ± 0.475 
 
+ 0.792 ± 0.389 
 
+ 0.403 ± 0.245 
 
+ 0.126 ± 0.037 
 
+ 0.136 ± 0.027 
 
+ 0.091 ± 0.015 
 
+ 0.085 ± 0.022 
 
+ 0.073 ± 0.045 
 
+ 1.739 ± 0.511 
 
+ 1.877 ± 0.373 
 
+ 1.256 ± 0.207 
 
+ 1.173 ± 0.304 
 
+ 1.007 ± 0.621 
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The accumulation rates refer to only the upper 0-10 cm soil layer because only there, 
significant increases in SOC concentration from the original to final SOC levels were found. 
This is not surprising because on the field in Merelbeke 60-90% of the root biomass (for both 
grasslands and verges) was found in the 0-10 cm layer (Iantcheva et al., 2004). This is 
confirmed by Conant et al. (2001) who found that C sequestration rates tented to be highest in 
the top 10 cm of the soil and also by Warembourgh & Paul (1977) where the 0-10 cm depth 
contained 49-77% of the labelled C.  
In Watervliet, the accumulation rates were higher compared with the ones found in Merelbeke 
and Geel. Over all locations, there was no significant effect of soil type. This means that we 
cannot conclude that one soil type was better in sequestering C than the other. The smaller 
increase in SOC concentrations in Geel (sand) could be due to the relatively high starting 
(cropland) SOC concentrations. On this field, the farmer used since many years (20 years) 
large amounts of organic manure (≥ 50 t ha-1). Because the SOC concentrations are probably 
closer to the equilibrium SOC level, the C sequestration rate can be much slower. According 
to the ECCP, clayey soils accumulate C relatively quickly while other soils (e.g. sandy soils) 
may accumulate practically no C even after 100 years of high C input. On the other hand, 
Reeder et al. (1998) observed greater C storage in sandy compared with clayey soil after the 
conversion of cropland to grassland. This conflicting information shows that more 
investigation is needed on the role of soil texture on C sequestration rates.  
In Merelbeke, higher C accumulation rates were found under verges than under grassland for 
agricultural use. This was due to significantly higher root biomass under verges compared to 
grassland stands. Iantcheva et al. (2004) measured a total belowground biomass under verges 
of on average 12950 kg ha-1 whereas under grassland there was on average only 5100 kg ha-1 
measured. The difference can be attributed to the larger contribution of Festuca sp. in the 
verges which have higher belowground biomass productions (Carlen et al., 2002). Anyhow, 
grass species have a different root: shoot ratio and choosing those species with a higher root 
biomass could mean a higher C sequestration potential. For the grassland stand, more cuts per 
year led to significantly higher root biomass production (Iantcheva et al., 2004). However, 
this did not lead to differences in SOC concentration. For the verges, the root biomass 
production was significantly higher when the hay was removed from the plots. However, this 
was not reflected by the accumulation rates which were higher under the non removal of the 
hay. The two cuts treatment led to significantly lower root biomass and also to lower 
accumulation rates compared to the 1 cut treatment. However, the 1 cut had a lower 
aboveground biomass, which proves again that higher aboveground production does not 
necessarily lead to increases in OC in the soil. The belowground biomass was not studied in 
Geel and Watervliet and so no conclusions can be made concerning the importance of the root 
system in these soils. The accumulation rates under verges for those two locations were not 
higher than under grassland stands. 
The influence of the removal of hay on the root biomass for the grassland stands was not 
measured. So, we are not certain if a significant higher root biomass explains the significantly 
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higher increases in OC when the hay was not removed under the 450N treatment. Anyhow, 
this does not count for the 0N and 225N treatment.  
At all locations, fertiliser use did not lead to higher increases in OC concentration. In 
Merelbeke, no significant differences were found in root biomass between different fertiliser 
treatments. Other authors (Whitehead et al., 1990, Kelly et al., 1997 and van Eekeren et al., 
2003) did report smaller belowground production under fertiliser application compared to low 
or 0N fertilisation. In the study of Bélanger et al. (1999) the higher aboveground production 
through fertilisation did not result in higher soil C concentrations. According to Loiseau & 
Soussana (1999) and Soussana et al. (2004a), moderate N fertiliser use increases the OC input 
to the soil more than the soil C mineralization and intensive N fertiliser use induces an 
increase in productivity and also accelerates mineralization through which the decomposition 
of SOM is enhanced and by which soil C stocks are reduced. In our study no effect of the 
amount of fertiliser applied was found on the root biomass and not on the C accumulation. 
Indeed, this study (2-3 years) was too short to find significant influences of the various factors 
introduced on the C sequestration. 
With clover, there was a tendency (not significant) for increases in SOC concentrations in 
some treatments. In previous studies, Elgersma & Hassink (1997) did not find any significant 
difference in SOC concentration between a grass/clover mixture and a grass monoculture. de 
Neergaard & Gorissen (2004) found that ryegrass contributes more to belowground carbon 
pools than clover which was also observed by van Eekeren et al. (2003). The root biomass 
under grass was measured to be 7.7 t DM ha-1, while under clover only 0.3 t DM ha-1 was 
found.  
Anyhow, soil C sinks resulting from sequestration activities are not permanent and will 
continue only for as long as appropriate management practices are maintained (Smith, 2004b). 
A few studies discuss the problem of the detectability of (significant) changes after land use 
changes. Batjes (1999) mentions a minimum detectable change of 1.96 times the standard 
deviation while Conant et al. (2003) calculated the minimum detectable difference. They 
concluded that resampling the same spots/plots in the future enables the detection of much 
more modest changes. Also Smith (2004a) investigated after how long a change will be 
detectable. He demonstrated how SOC dynamic models can be used to complement statistical 
power analyses for planning, and when and how intensively soils should be sampled during 
experiments. Many experiments in which a change in SOC is expected are at this moment 
often restricted by economic constraints of the research project. By the use of a regression 
analysis, Smith (2004a) made it possible to calculate the number of years necessary to detect a 
change in SOC at different levels of increases in C input. An increase in C input of 50% and 
higher would give a detectable change in SOC within 3 years. If the changes in C input are 
low than it will be very difficult to detect changes. In the case of our field experiment, the 
changes in C input are large because the management changed from cropland to perennial 
vegetation (grassland and verges) and so, as shown in Tables 4.8-4.11, significant changes 
could be detected. Both Conant et al. (2003) and Smith (2004a) concluded that intensive 
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sampling (often required to detect small changes) and analyses are time-consuming and 
expensive (often not within the financial supports of many research projects) and therefore 
one should focus on methods for faster analysis of soil C samples or analyses that are more 
sensitive to change. The use of tracers for the measurement of changes or measuring changes 
in the different fractions of the soil OC may be more sensitive, allowing changes in SOC to be 
detected on even shorter periods.  
Although this experiment was run over a very short time period, some trends on the effect of 
the various factors introduced were found. However, after 2-3 years of experimentation, it is 
difficult to conclude which management treatment will be the best option. Therefore, the 
observation period must be increased and further monitoring is essential. 
 
 
4.4. Conclusion 
On all three locations, higher fertiliser N applications led to higher aboveground dry matter 
productions and clover increased the production only in the 0N treatment, however not 
significantly. In Merelbeke, there was no main effect of the factors for the 225N and 450N 
treatment but for the 0N treatment, aboveground biomass was significantly higher with 2 cuts 
than with 3 cuts. In Geel and Watervliet, the 3 cut treatment led to significantly higher 
aboveground dry matter productions for both 225N and 450N. Overall, the aboveground 
biomass fluctuated over the years. 
SOC increased for all treatments on all soil types but, the increase was not always significant. 
For both the clayey and sandy soil, no significant differences between and within the 
treatments were found (no significant effect of the various factors introduced). On the sandy 
loam location, there were significantly higher OC concentrations for the fertiliser regimes 
450N and 0N on plots under respectively non removal of the hay and with clover. However, 
the experiment was run over a short period of time and it is therefore recommended to 
continue this experiment as it is expected to find detectable changes and significant effects 
within 10 years. 
When investigating the effect of various factors introduced on the C sequestration in soils, it 
is very interesting to measure the root biomass for these factors. The trends and differences 
found in the root biomass can very often explain the differences and trends found in SOC 
concentration. 
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Appendix I. Date of fertiliser application and mowing 
 
Fertilisation with 450 kg N ha-1 yr-1 
 
- with 7 cuts:   
Date Treatment 
  
 110 kg N ha-1 yr-1 
1 May Mowing 
 100 kg N ha-1 yr-1 
20 May Mowing 
 80 kg N ha-1 yr-1 
10 June Mowing 
 80 kg N ha-1 yr-1 
1 July Mowing 
 80 kg N ha-1 yr-1 
1 August Mowing 
12 September Mowing 
15 October Mowing 
 
 
- with 5 cuts: 
Date Treatment 
  
 100 kg N ha-1 yr-1 
7 May Mowing 
 100 kg N ha-1 yr-1 
7 June Mowing 
 90 kg N ha-1 yr-1 
20 July Mowing 
 80 kg N ha-1 yr-1 
1 September Mowing 
 80 kg N ha-1 yr-1 
10 October Mowing 
 
 
- with 3 cuts: 
Date Treatment 
  
 80 kg N ha-1 yr-1 
 70 kg N ha-1 yr-1 
10 May Mowing 
 80 kg N ha-1 yr-1 
 70 kg N ha-1 yr-1 
1 August Mowing 
 80 kg N ha-1 yr-1 
 70 kg N ha-1 yr-1 
10 October Mowing 
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Fertilisation with 225 kg N ha-1 yr-1 
  
- with 5 cuts:  
Date Treatment 
  
 50 kg N ha-1 yr-1 
7 May Mowing 
 50 kg N ha-1 yr-1 
7 June Mowing 
 45 kg N ha-1 yr-1 
20 July Mowing 
 40 kg N ha-1 yr-1 
1 September Mowing 
 40 kg N ha-1 yr-1 
10 October Mowing 
 
 
- with 3 cuts: 
Date Treatment 
  
 75 kg N ha-1 yr-1 
10 May Mowing 
 75 kg N ha-1 yr-1 
1 August Mowing 
 75 kg N ha-1 yr-1 
10 October Mowing 
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Conclusions and perspectives 
 
The objectives of this thesis were first, to calculate past and current SOC stocks in different 
grassland ecosystems (agricultural grassland, natural grassland, grass-covered verges and 
urban area). Second, the influence of various management practices on the OC content in the 
soil and their possibilities for C sequestration was investigated. Third, by setting up an 
experimental field, C sequestration rates were calculated for the conversion from cropland to 
grassland under a range of different management treatments.  
 
The conclusions from this thesis can be summarized as follows: 
 
1. The calculated SOC stock till a depth of 1 m for agricultural grassland in Flanders 
decreased from 38,031 kt OC in 1990 to 33,695 kt OC in 2000. The decrease in stock 
was partly explained by a decrease in total grassland area between 1990 and 2000. The 
main decrease, however, was due to changed management practices (approval of the 
Manure Action Plan and mainly more temporary grassland in 2000). For natural 
grasslands, the current SOC stock was calculated at 361 kt OC. The total SOC stock 
for grass-covered verges (roads, water- and railways) was estimated at 3,520 kt OC 
and for grassy urban areas at 1,738 kt OC, corresponding to respectively 10% and 5% 
of the total SOC stock in Flemish grassland.  
2. A uniform protocol on sampling methodology (depth and period) and sample analysis 
should be introduced so that determination of SOC stocks can be done as accurately as 
possible. As such, recalculations and adjustments of databases could be avoided. 
3. Measuring bulk density should always be combined with taking soil samples. 
4. Overall, grazed, permanent grassland and clayey textures had the largest amounts of 
organic matter. Total SOC concentrations could be increased or maintained by 
encouraging management practices which enhance higher levels of organic matter 
such as grazing and permanent grassland. However, the potential of management 
practices can not be seen without taking into account the fluxes of other greenhouse 
gases. Grazed, permanent grassland with low fertiliser input would be the best 
combination for environment and agriculture. 
5. This study showed the ability of Near Infrared Reflectance Spectroscopy (NIRS) in 
predicting SOC concentrations for screening purposes. However, for accurate and 
precise measurement of SOC concentration, this method does not give the best results. 
6. Carbon sequestration rates were calculated for the conversion of cropland to grassland 
under various management practices and on three different soil types. The lowest C 
sequestration rate was found for the fine sandy soil (0.144 t OC ha-1 yr-1) and the 
highest one for the light clayey soil (1.877 t OC ha-1 yr-1). On the sandy loam location, 
a significant C sequestration was found under the verges. On the sandy location, the 
Conclusions and perspectives 
 
 
 132
highest C sequestration rates were also found under verges. On the clayey soil, the 
highest C sequestration rates were found upon application of 0 and 225 kg N ha-1. 
7. Processing data according to their soil texture gave smaller errors than processing the 
data according to the agro-pedological regions. 
8. Only in long-term experiments, significant changes in SOC concentration and effects 
of the various factors introduced (fertilisation levels, cutting regimes, grass mixtures) 
can be detected. The field experiment was run over a short period of time but 
nevertheless some significant differences against the original SOC concentration were 
found. However, nearly no significant effect of the different management activities 
was found. 
 
 
The following research perspectives arose from this thesis: 
 
1. Accurate values of the parameter k (which gives the exponential decrease of SOC with 
depth and which is needed for the extrapolation of data to 1 m) could be obtained by 
measuring to 1 m depth on grasslands with different management activities. The 
dependence of k on the management applied on the grasslands could in this way be 
investigated.  
2. The large errors of the calculated stocks stress again the need for more complete and 
up to date SOC databases. The accuracy of the SOC data would be improved if there 
would be sampled more intensively (especially with depth). Also more detailed 
information on the soil type must be given, if possible on a coordinate basis, so it is 
allowed to match and compare different databases with each other. 
3. The influence of the management applied and the changing land use on the bulk 
density should be examined more in detail. 
4. Experiments investigating the rate of C loss with changing grassland to cropland and 
with ploughing up permanent grasslands should be started. However, this kind of 
experiments should be run over several years. 
5. As conflicting information was found in literature on the role of the soil texture on C 
sequestration rates, more research must be performed on its role. 
6. When investigating the effect of management on the changes in SOC concentration 
and C sequestration, the root biomass under the different management regimes should 
be measured. Indeed, trends and differences in root biomass can often explain some 
trends and differences found in SOC concentration and C sequestration.  
7. Field experiments must be run over at least 10 years. Significant effects can only be 
expected after a long experimental period as C sequestration is a very slow process 
and consequently changes in SOC concentration are difficult to detect. For the field 
experiment in this thesis, further monitoring is essential. 
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Summary 
 
The Kyoto Protocol, which became operative in February 2005, gives Annex-I countries the 
opportunity to reach their emission reduction targets by means of direct emission reductions,  
by enhancing C sequestration in their terrestrial ecosystems and by trading C credits. 
Especially Article 3.4, which allows net changes in greenhouse gas emissions through 
additional human induced activities in agricultural soils, forest management and revegetation, 
is interesting for grassland ecosystems. In Flanders, there are no data available concerning 
SOC stocks in grasslands, verges and urban areas for the Kyoto reference year (1990). Also, 
there is no insight in the possibilities of Article 3.4 for helping to obtain the emission 
reduction imposed through the ratification of the Kyoto Protocol. Therefore, the objectives of 
this study were to calculate reference (1990) and current SOC stocks for agricultural 
grassland, natural grassland, grass-covered verges and grass-covered urban areas. Next, the 
influence of different management practices on the SOC concentration and stock in Flemish 
grassland was investigated. The last objective is to calculate C sequestration rates under a 
range of management practices on three soil types. 
 
 
The introductory Chapter 1 gives an overview of the literature related to C in grasslands. 
Different parameters which determine the quantity and quality of soil organic matter in 
grasslands are discussed: i) soil texture, ii) management applied, iii) application of N 
fertilisers, iv) species composition, v) cultivation history of the soil and vi) responses of the 
plant/soil system to elevated CO2 concentration. 
 
 
To determine the possibilities for improved and/or changed management of grasslands in 
Flanders, with respect to Article 3.4 of the Kyoto Protocol, the existing management practices 
were evaluated (Chapter 2). Calculation of SOC stocks requires also knowledge of the soil 
bulk density. Soil samples (± 1900) were taken on different soil textures and bulk density (± 
100) was measured with the SOC concentration for the different managements. 
First, results were calculated according to the different agro-pedological regions in Flanders, 
with one overall mean bulk density per specific agro-pedological region. Compared to 
mowing, grazing led to higher SOC stocks for all regions. The treatment mowing + grazing 
was intermediate between grazing and mowing alone. Also permanent grassland had higher 
SOC stocks than temporary for all agro-pedological regions. Overall, the highest SOC stock 
(to 60 cm) was found for the Polders (170 ± 57 t OC ha-1) and the lowest one for the Sandy 
loam region (109 ± 45 t OC ha-1). Also, for natural grassland, the highest SOC stock was 
found in the Polders (201 ± 54 t OC ha-1) and the lowest one in the Sandy loam region (109 ± 
59 t OC ha-1). Grazing on natural grassland led to higher SOC stocks than mowing for the 
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Campines and the Sandy loam region but for the Sandy region, mowing led to higher SOC 
stocks.  
However, the sampled fields in the different agro-pedological regions did not always have the 
soil texture dominating for that specific agro-pedological region and the large standard 
deviations show that the variation within the data was high. Therefore, the data were 
reorganised according to a specific soil texture (clay, silt, sand). The results were first 
calculated with an overall mean bulk density per soil texture and then with a specific bulk 
density per management treatment. Only the results of the last approach are summarised here.  
For agricultural grassland, SOC concentrations were higher for the clayey texture compared 
to the silty and sandy texture and were decreasing with increasing depth. For all textures, 
grazing and permanent grassland led to significantly higher SOC concentrations compared to 
mowing and temporary grassland, respectively for 0-10 cm layer. The differences were not 
always significant at the other depths. For natural grassland, the overall mean SOC 
concentrations were also higher under a clayey texture compared to a silty and sandy texture 
and were similar for silt and sand. Different trends were found for natural grassland. For the 
clayey texture, mowing had significantly higher SOC concentrations than grazing and 
mowing + grazing. The sampled mown fields have a very high moisture content which can 
explain the higher SOC concentrations in these soils. For both the silty and the sandy texture, 
grazing led to higher SOC concentrations compared to mowing. Mowing + grazing had 
almost similar SOC concentrations with grazing for both clay and silt. Permanent and 
temporary grasslands had a similar SOC concentration for the sandy texture. 
For the bulk density of both agricultural and natural grassland, no significant differences 
between different management practices were found. Overall, for agricultural grassland, lower 
bulk densities were found under grazed and permanent grassland compared with respectively 
mown and temporary grassland. The bulk densities under mowing + grazing were situated in 
between. Under natural grassland, no clear trends were found. For the sandy texture, the bulk 
density under temporary grassland was higher than for permanent one. 
SOC concentrations and bulk densities make it possible to calculate OC masses (stocks in t 
OC ha-1). Agricultural grassland on all soil textures had significantly higher SOC stocks under 
grazing and under mowing + grazing (except for silt) compared to mowing. Also permanent 
grass led to significantly higher SOC stocks compared to temporary grass for all soil textures. 
Overall, a trend was found of increasing mean SOC stocks with grazing and the permanent 
character of grasslands. In general (all management practices), agricultural soils have a SOC 
stock of 151 ± 49 t OC ha-1, 98 ± 30 t OC ha-1 and 118 ± 38 t OC ha-1 for the clayey, silty and 
sandy texture respectively to a depth of 60 cm. For natural grasslands, a different trend was 
found. For the clayey texture, mowing had a significantly higher mean SOC stock than 
grazing and mowing + grazing. For both the silty and sandy texture, grazing had higher (non 
significant) SOC stocks than mowing. On the sandy texture, temporary grass had a significant 
higher SOC stock than permanent grassland. This was due to the higher SOC concentrations 
under temporary for the depths 10-30 and 30-60 cm. For natural grassland, the clayey texture 
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had an overall mean SOC stock of 151 ± 66 t OC ha-1, the silty texture of 109 ± 30 t OC ha-1 
and the sandy texture of 121 ± 39 t OC ha-1. 
Possible reasons for higher OM concentrations under grazing compared with mowing are: i) 
losses of plant material with grazing and faeces are left on the field, ii) the animal traffic in 
grazed treatments may enhance physical breakdown, soil incorporation and decomposition 
rate of litter, iii) higher transfer of net primary production to belowground plant parts and iv) 
higher stubble production under grazing.  
It was clear, that processing the data according to their soil texture was the best approach. 
Other results were obtained when general mean or specific bulk densities were used. The 
more assumptions and generalizations are made, the less accurate the data can be. Also, a 
large number of fields are required before overall conclusions can be drawn. Overall, grazing, 
permanent grassland and clayey textures had the largest mean SOC stocks. Even though the 
agricultural and natural grasslands were quite different in use and plant diversity, there was no 
significant difference in mean SOC stock between the two grassland types. 
The total SOC concentrations could be increased or maintained by encouraging management 
practices which enhance C sequestration such as grazing and permanent grassland. Permanent 
grassland is described in the EU-Directive 796/2004 as grassland that is not incorporated in 
crop rotation for at least 5 years. The Flemish Government follows this directive and 
postulates in the cross compliance of the Mid Term Review: the farmer can only cultivate 
permanent grassland if it is compensated by an equivalent area of permanent grassland which 
is maintained for at least five years. However, because the storage of OM in the soil is a very 
slow process (see also Chapter 4), enormous amounts of SOC are lost each time the grass is 
ploughed. Organic carbon in the soil is lost faster and easier with ploughing than the reverse 
process of C sequestration. It is impossible to recover the amount of C lost by maintaining 
grassland during 5 years. Besides, with good agricultural and environmental practices, the 
Flemish Government mentions that the OM in the soil must be maintained by suitable 
practices. However, as the cross compliance is now described, more OM will be lost.  
However, management measures cannot be judged on their potential to store C without taking 
into account the fluxes of other greenhouse gases (especially N2O and CH4). Grazing should 
enhance the C sequestration but it can also lead to, compared to mowing, higher emissions of 
N2O and CH4 as well as a higher NO3- leaching potential. Permanent grassland gives lower 
emissions than temporary grassland. Therefore, grazed permanent grassland with low 
fertilisation could be the best combination for the environment and agriculture.  
The higher bulk densities under mown and temporary grassland compared with respectively 
grazed and permanent grassland can be explained by more compaction and damage under 
mown and temporary grassland and also because lower OM concentrations were found in 
these soils. 
Linear regressions were calculated in order to check the possibility for predicting bulk density 
when it is not measured in the field. The relation between bulk density and organic matter was 
negative. In the case of all soil textures together, the bulk density was related to organic 
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matter and %clay of which the organic matter had the strongest effect. Considering the soil 
textures separately, the bulk density was only related to the amount of OM. 
Finally, Near Infrared Reflectance Spectroscopy (NIRS) was used to predict SOC 
concentrations. NIRS seems to be an acceptable technique for predicting the SOC 
concentration with an adequate accuracy for screening purposes. Local, specific calibrations 
gave better predictions than global calibrations. 
 
In Chapter 3, SOC stocks (till 1 m depth) are given for different grassland ecosystems 
(agricultural and natural grassland, grass-covered verges along roads, water- and railways and 
grass-covered urban area). Also, the problems arising when extrapolating data from surface 
layers to greater depths are discussed. 
Different SOC stocks were calculated for different agro-pedological regions. For the 
calculation of the SOC stocks of agricultural grassland, three databases were used: the 
database from the Soil Service of Belgium, the database collected by the Department of Crop 
Husbandry and Ecophysiology (Agricultural Research Centre) and the “Aardewerk” database.  
Three approaches for calculating SOC stocks were evaluated. For both the total SOC stocks 
and mean SOC stocks, there was a large underestimation (between -40 and -30%) for 
approach 1 (based on “Aardewerk” database with time factor) and approach 3 (based on 
“Aardewerk” database without time factor). Only approach 2, which is based on data from the 
Department of Crop Husbandry and Ecophysiology, gave a better fit with the classic layer 
based method, which is still the most reliable way to calculate SOC stocks.  
In Flemish agricultural grassland, for 1990, a total SOC stock to 1 m depth was found of 
38,031 kt and of 33,695 kt SOC for 2000. There was an overall decline in SOC stock in 
Flanders between 1990 and 2000. This decrease can be explained by a decline in grassland 
area with 3%, but mainly by a decrease in %SOC (and SOC stock). Overall, there was a 
decrease in SOC stock from 158 t OC ha-1 in 1990 to 143 t OC ha-1 in 2000. The decrease in 
%SOC and SOC stock between 1990 and 2000 was significant for all regions except for the 
Polders and the Dunes where the %SOC did not change. A C change flux in %OC yr-1 
(between 1990 and 2000) could be determined at -0.045 for the Campines, -0.043 for the Silt 
region, -0.031 for the Sandy loam region and -0.030 for the Sandy region. The significant 
decreases in %SOC can be explained by several factors. One of the possible explanations is 
the approval of the Manure Action Plan (MAP). However, it can never alone have caused this 
decrease. The share of temporary grassland within the total grassland area has doubled 
between 1990 and 2000. This implies that also more temporary grassland contributes to the 
mean SOC content and stock. Because of the significant lower SOC stock for temporary 
compared with permanent grassland (see Chapter 3), the mean SOC stock per agro-
pedological region will also decline. The potential for grasslands to become a sink instead of a 
source includes the recovery of grassland area and an increase of the SOC stock of grassland 
soils by management practices which build up C in the soil. 
Summary 
 
 
 137
The total current SOC stock (till 1 m depth) for natural grasslands was 361 kt SOC. For 
natural grassland, the total SOC stock for the reference year (1990) could not be calculated 
because no data were available. 
To be able to calculate the SOC stocks for grass-covered verges, the area of verges along 
roads, water- and railways was determined. The total area of grass-covered verges along 
roads, waterways and railways was 7,413ha, 9,542 ha and 1,072 ha, respectively. The total 
SOC stock (till 1 m depth) for grass-covered verges along roads was 1,438 kt SOC, for 
waterways 1,873 kt SOC and for railways 209 kt SOC. The total grassy area of Flemish 
verges was determined to be 8% of the total grassland area and 10% of the total SOC stock. 
However, the potential for additional C sequestration and mitigating atmospheric CO2 by 
verges along roads and railways is likely to be small. Only verges along waterways show a 
potential for additional C sequestration. 
The total area covered by grass for the category ‘gardens and parks’ was estimated at 9,530 ha 
and for the category ‘recreation areas’ at 2,360 ha. For the grassy parts of the category 
‘gardens and parks’, a total SOC stock of 1,392 kt SOC was calculated and of 346 kt SOC for 
the category ‘recreation areas’. For the grassy urban area, the total surface comes down to 5% 
of the total grassland area and the total SOC stock was almost 6% of the total SOC stock. 
Also here, management measures to enhance C sequestration in the urban area are difficult.  
The uncertainties with scaling up for calculating SOC stocks in Flanders are high because of 
estimated parameters and extrapolated data. Moreover, unavoidable sampling and analytical 
errors always occur. These uncertainties stress again the need for more complete SOC 
databases, both horizontally and vertically (to 1 m depth) so that extrapolation to greater 
depths is less needed. 
 
 
In Chapter 4, the results of a field experiment are discussed. An experiment on three locations 
(a sandy loam, fine sandy and a light clayey soil) was set up to investigate which management 
had the largest potential for C sequestration on grassland under agricultural use and on verges. 
At all three locations, higher aboveground productions were found for grassland under 
agricultural use in the order of 450N>225N>0N. Also, the 3 cut treatment led to significantly 
higher aboveground biomass compared with 5 and 7 cuts for both the 450N and 225N 
treatment. Clover had only an influence in the 0N treatment for all soil types but this was not 
significant. At the sandy loam location, there was also an indication that the effect of the 
removal of hay disappeared when less fertiliser was applied. When 450N was applied, the 
yield was, in general, higher when the hay was removed; with 225N, the yield was similar 
under both hay treatments and with 0N, the yield was higher when the hay was not removed. 
Next to grassland for agricultural use, verges were also examined. In Merelbeke (sandy loam), 
the number of cuts was the only influencing factor over the years with a significantly higher 
aboveground biomass production under 2 cuts. The grass mixture and the removal of the hay 
did not have any statistical effect. Also in Geel (fine sand) and in Watervliet (light clay), the 
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number of cuts was the only influencing factor with significantly higher aboveground dry 
matter productions under 2 cuts compared to 1 cut per year. 
Original and final SOC concentrations for grassland under agricultural use were determined 
on all three locations. After 3 years of experimentation, agricultural managed systems gave an 
overall increase of 14% in SOC concentration on the sandy loam location (Merelbeke). The 
increases in SOC concentration in Geel (fine sand) were small. On average, there was a 2% 
increase for agricultural grasslands. In Watervliet (light clay), the SOC concentration was on 
average 35% higher compared with the starting values. The verges showed a significant 
relative C sequestration of 20% for the sandy loam location, and a non significant one of 4% 
for the sandy location and of 15% for the clayey soil. 
C sequestration rates, with the conversion of cropland to grassland, were calculated. The 
lowest rates were found for the sandy soil (0.010 %OC yr-1, 0.144 t OC ha-1yr-1) and the 
highest ones for the clayey soil (0.136 %OC yr-1, 1.877 t OC ha-1yr-1). For all locations, there 
was no statistical effect of soil type, which means that we cannot conclude that, during the 
time of this experiment, one soil type was better in sequestering C than the other. 
The higher C sequestration rates in Merelbeke under verges compared with grassland for 
agricultural use, were due to the significantly higher root biomass under verges. At all 
locations, the fertiliser use did not lead to higher increases in SOC concentration. With clover, 
there was a tendency (not significant) for higher increases in SOC stock in some treatments.  
Although this experiment was run over a very short period of time, already some trends on the 
effect of various factors were found. However, it was not clear yet which management was 
the best option. Therefore, the observation period should be increased and further monitoring 
is essential. 
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Samenvatting 
 
Het Kyoto Protocol, dat van kracht werd in februari 2005, biedt Annex-I landen de 
mogelijkheid om hun emissiedoelstellingen te halen door middel van directe emissiereducties, 
door het bevorderen van koolstofopslag in hun terrestrische ecosystemen en door het 
verhandelen van C-kredieten. Vooral Artikel 3.4, dat netto veranderingen toelaat aan de hand 
van antropogene geïnduceerde veranderingen in landbouwgronden, bosbeheer en 
herbeplanting, is van bijzonder belang voor graslandecosystemen. Er zijn geen gegevens 
beschikbaar in Vlaanderen over bodemorganische koolstof(BOC)stocks in graslanden, 
wegbermen en urbane gebieden voor het Kyoto referentiejaar (1990). Er is ook geen zicht op 
de mogelijkheden van Artikel 3.4 om de emissiedoelstellingen, vooropgesteld bij de 
goedkeuring van het Kyoto Protocol, te behalen. Het eerste doel van deze studie was dan ook 
het bepalen van de referentie koolstofstock samen met de huidige stock voor grasland onder 
landbouwuitbating, grasland in natuurreservaten, in grazige bermen en in grazig urbaan 
gebied. Daarnaast wordt ook de invloed van verschillende beheerstypes in Vlaamse 
graslanden op de BOC-gehaltes onderzocht. De laatste doelstelling van deze scriptie is het 
berekenen van koolstofopslagsnelheden onder verscheidene beheersopties voor drie 
bodemtypes. 
 
 
Het inleidende Hoofdstuk 1, geeft een overzicht van de literatuur betreffende koolstof in 
graslanden. Verschillende parameters, die de kwantiteit en kwaliteit van bodemorganisch 
materiaal (BOM) in graslanden beïnvloeden, worden besproken: i) de bodemtextuur, ii) het 
toegepaste beheer, iii) het gebruik van minerale stikstof, iv) de plantensamenstelling van het 
grasland, v) de geschiedenis van de bodem en vi) het gedrag van het plant/bodemsysteem op 
toenemende CO2 concentraties. 
 
 
Om de mogelijkheden te bepalen, binnen Kyoto artikel 3.4, van een verbeterd en/of veranderd 
graslandbeheer in Vlaanderen, werd het bestaande beheer geëvalueerd (Hoofdstuk 2). De 
berekening van BOC-gehaltes vereist ook het gebruik van correcte bodemdichtheden. 
Bodemdichtheid (n = ± 100) en bodemstalen (n = ± 1900) werden op verschillende 
bodemtexturen en onder verschillend beheer genomen. 
Vooreerst werden de resultaten berekend per landbouwstreek met een algemeen gemiddelde 
bodemdichtheid per landbouwstreek. Grazen leidt, vergeleken met maaien, tot hogere 
organische koolstofgehaltes in de bodem. Maaien + grazen was intermediair tussen grazen en 
maaien alleen. Permanent grasland had eveneens hogere koolstofgehaltes vergeleken met 
tijdelijk grasland voor alle landbouwstreken. Algemeen gezien, werd het hoogste 
koolstofgehalte (0-60 cm) gevonden voor de Polders (170 ± 57 t OC ha-1) en het laagste voor 
de Zandleemstreek (109 ± 45 t OC ha-1). Ook voor grasland in natuurreservaten werd het 
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hoogste koolstofgehalte in de Polders (201 ± 54 t OC ha-1) gemeten en het laagste in de 
Zandleemstreek (109 ± 59 t OC ha-1). Voor grasland in natuurreservaten, had grazen een 
hoger organisch koolstofgehalte in de bodem vergeleken met maaien voor de Kempen en de 
Zandleemstreek maar voor de Vlaamse zandstreek had maaien hogere koolstofgehaltes. 
De bemonsterde percelen in de verschillende landbouwstreken hadden niet altijd de 
bodemtextuur typerend voor de beschouwde landbouwstreek. Ook de grote 
standaardafwijkingen wijzen erop dat de variatie binnen de gegevens groot is. Daarom werden 
de gegevens opnieuw geordend per bodemtextuur (klei, leem en zand). De resultaten werden 
ook hier eerst berekend met een algemeen gemiddelde bodemdichtheid per bodemtextuur en 
daarna berekend met een specifieke bodemdichtheid per beheer. Enkel de resultaten berekend 
met een specifieke bodemdichtheid zullen hier worden samengevat. 
Voor grasland onder landbouwuitbating, waren de organische koolstofconcentraties in de 
bodem hoger voor een kleitextuur dan voor een leem- en zandtextuur. Voor alle 
bodemtexturen, leidde grazen en permanent grasland tot significant hogere BOC-
concentraties vergeleken met respectievelijk maaien en tijdelijk grasland voor de 0-10 cm 
laag. De verschillen waren niet altijd significant voor de andere dieptes. Voor grasland in 
natuurreservaten, waren de algemeen gemiddelde BOC-concentraties eveneens hoger onder 
een kleitextuur vergeleken met een leem- en zandtextuur. De BOC-concentraties voor een 
leem- en zandtextuur waren ongeveer gelijk. Voor een kleitextuur had maaien significant 
hogere koolstofgehaltes dan grazen en maaien + grazen. De reden hiervoor is dat de 
bemonsterde gemaaide percelen een zeer hoog vochtgehalte hadden wat kan leiden tot hogere 
BOC-concentraties. Voor zowel de leem- als zandtextuur leidde grazen tot hogere BOC-
concentraties dan maaien. Maaien + grazen had bijna dezelfde BOC-concentraties als grazen 
voor zowel klei als leem. Permanent en tijdelijk grasland hadden bijna gelijke BOC-
concentraties voor een zandige textuur. 
Zowel voor grasland onder landbouwuitbating als voor grasland in natuurreservaten, werden 
geen significante verschillen gevonden voor de bodemdichtheid tussen de verschillende 
beheertypes. Algemeen gezien, werd voor grasland onder landbouwuitbating lagere 
bodemdichtheden gevonden onder grazen en onder permanent grasland respectievelijk 
vergeleken met maaien en tijdelijk grasland. De bodemdichtheid voor de behandeling maaien 
+ grazen bevond zich tussenin. Voor grasland in natuurreservaten werden geen duidelijke 
trends waargenomen. Voor een zandige textuur was de bodemdichtheid onder tijdelijk 
grasland wel hoger dan deze onder permanent grasland. 
BOC-concentraties en bodemdichtheden maken het mogelijk om koolstofgehaltes naar massa 
(t OC ha-1) om te rekenen. Grasland onder landbouwuitbating had significant hogere BOC-
gehaltes onder grazen en maaien + begrazen vergeleken met maaien voor de klei- en 
zandtexturen. Algemeen gezien was er een trend van toenemend gemiddelde BOC-gehaltes 
met grazen en het permanente karakter van de graslanden. Voor alle beheerstypes samen, had 
grasland onder landbouwuitbating een gemiddeld BOC-gehalte van 151 ± 49 t OC ha-1, 98 ± 
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30 t OC ha-1 en 118 ± 38 t OC ha-1 (0-60 cm) voor respectievelijk een klei-, leem- en 
zandbodem.  
Voor graslanden in natuurreservaten werd een andere trend gevonden. Voor de kleitextuur 
had maaien een significant hoger gemiddeld koolstofgehalte vergeleken met grazen en maaien 
+ grazen. Voor zowel de leem- als de zandtextuur had grazen hogere (niet significante) BOC-
gehaltes dan maaien. Voor de zandige textuur, had tijdelijk grasland een significant hoger 
koolstofgehalte dan permanent grasland. Dit was te wijten aan hogere BOC-concentraties 
onder tijdelijk grasland op de dieptes 10-30 en 30-60 cm. Voor grasland in natuurreservaten, 
had de kleitextuur een gemiddeld BOC gehalte van 151 ± 66 t OC ha-1, de leemtextuur van 
109 ± 30 t OC ha-1 en de zandtextuur van 121 ± 39 t OC ha-1.   
Mogelijke redenen voor de hogere organische stofgehaltes onder grazen zijn: i) 
plantenmateriaal (dat verloren gaat bij het grazen) en uitwerpselen blijven achter op het veld, 
ii) het trappelen van de dieren bevordert de fysische afbraak, de incorporatie in de bodem en 
de afbraaksnelheid van strooisel, iii) een hogere transfer van netto primaire productie naar de 
ondergrondse plantendelen en iv) hogere productie van uitlopers onder grazen. 
Het was duidelijk dat het verwerken van de resultaten volgens de bodemtextuur de beste 
benadering was. Andere resultaten werden wel bekomen wanneer een algemeen gemiddelde 
bodemdichtheid of een specifieke bodemdichtheid (per beheer) werd gebruikt. Hoe meer 
veronderstellingen en veralgemeningen er worden gemaakt, hoe minder nauwkeurig de 
gegevens kunnen worden. Een groot aantal percelen voor staalname is eveneens vereist 
vooraleer algemene besluiten kunnen worden getrokken. Algemeen gezien, leidde grazen, 
permanent grasland en een kleitextuur tot de grootste organische koolstofgehaltes in de 
bodem. Hoewel grasland onder landbouwuitbating nogal verschillend is van grasland in 
natuurreservaten, konden er geen significante verschillen in gemiddelde BOC-gehaltes tussen 
de twee graslandtypes worden vastgesteld. 
Totale bodemorganische koolstofgehaltes kunnen toenemen of worden behouden door 
beheerspraktijken aan te moedigen die de koolstofsequestratie bevorderen zoals grazen en 
permanent grasland. Permanent grasland wordt in de EU-Richtlijn 796/2004 omschreven als 
grasland dat gedurende minstens vijf jaar niet in vruchtwisseling wordt gebracht. De Vlaamse 
overheid volgt deze richtlijn en stelt in de cross compliance van de Mid Term Review dat de 
landbouwer enkel permanent grasland kan omzetten naar tijdelijk grasland of akkerland 
indien dit wordt gecompenseerd door een equivalente oppervlakte permanent grasland die 
minstens vijf jaar wordt behouden. Maar telkens de bodem wordt geploegd, komen grote 
hoeveelheden OC vrij. Organische koolstof in de bodem gaat sneller en gemakkelijker 
verloren met ploegen dan dat het wordt opslagen bij het omgekeerde proces, 
koolstofsequestratie. Het is daarom dan ook onmogelijk om de hoeveelheid organische 
koolstof die verloren ging te herstellen gedurende die 5 jaar. Daarnaast zegt de Vlaamse 
overheid in hun Goede Landbouwpraktijken dat het gehalte organische stof in de bodem moet 
worden gehandhaafd door duurzame beheersactiviteiten. Maar zoals de cross compliance nu 
is beschreven, zal nog meer organische stof verloren gaan. 
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Beheersmaatregelen kunnen echter niet alleen op hun potentieel om koolstof op te slaan, 
worden beoordeeld zonder dat de fluxen van andere broeikasgassen (in het bijzonder N2O en 
CH4) in rekening worden gebracht. Grazen zou de koolstofopslag bevorderen maar het leidt 
ook, vergeleken met maaien, tot hogere emissies van N2O en CH4 alsook een hoger NO3- 
uitlogingspotentieel. Ook permanent grasland heeft lagere broeikasgasemissies vergeleken 
met tijdelijk grasland. Daarom zou de beste combinatie zijn, voor zowel landbouw als 
leefomgeving, een begraasd, permanent grasland met een laag bemestingsniveau. 
De hogere bodemdichtheden onder gemaaid en tijdelijk grasland vergeleken met 
respectievelijk begraasd en permanent grasland, kunnen worden verklaard door de grotere 
verdichting en schade die wordt aangebracht. Daarnaast werden ook lagere organische 
stofgehaltes gemeten bij gemaaid en tijdelijk grasland. 
Lineaire regressies werden berekenend om na te gaan wat de mogelijkheden zijn om de 
bodemdichtheid te voorspellen wanneer het niet wordt gemeten in het veld. Het verband 
tussen bodemdichtheid en organische stof was negatief. De bodemdichtheid neemt toe met 
een afnemend organische stofgehalte. Wanneer alle bodemtexturen samen werden genomen, 
was de bodemdichtheid gerelateerd met het organisch stofgehalte en het percentage klei. 
Wanneer de bodemtexturen afzonderlijk werden beschouwd dan was de bodemdichtheid 
enkel gerelateerd met de hoeveelheid organische stof. 
Ten laatste, werd de mogelijkheid nagegaan om met Near Infrared Reflectance Spectroscopy 
(NIRS) BOC-concentraties te voorspellen. NIRS blijkt een aanvaardbare techniek te zijn om 
BOC-concentraties te bepalen met een voldoende nauwkeurigheid voor screening. Lokale, 
specifieke calibraties gaven betere voorspellingen dan de globale, algemene calibraties. 
 
 
In Hoofdstuk 3, werden bodemorganische koolstofstocks berekend voor de verschillende 
graslandecosystemen (grasland onder landbouwuitbating, grasland in natuurreservaten, 
grazige weg-, water- en spoorbermen en grazige urbane gebieden). Daarnaast worden ook de 
problemen en onzekerheden besproken die kunnen optreden bij het extrapoleren van data van 
de toplaag naar diepere lagen. 
Voor de berekening van de bodemorganische koolstofstock voor grasland onder 
landbouwuitbating werden drie databanken gebruikt: de databank van de Bodemkundige 
Dienst van België, de databank verzameld door het Departement Fytotechnie en 
Ecofysiologie (Centrum voor Landbouwkundig Onderzoek) en de Aardewerk databank. Naast 
onzekerheden bij het extrapoleren, ontstaan er ook onzekerheden door verschillen in de 
methode van staalname, in de periode van staalname en in de gebruikte analysemethode van 
de laboratoria. 
Drie benaderingen, voor het berekenen van BOC-gehalte en BOC-stock werden geëvalueerd. 
Zowel benadering 1 (gebaseerd op de Aardewerk databank met tijdsfactor) als benadering 3 
(gebaseerd op de Aardewerk databank zonder tijdsfactor) gaven grote onderschattingen 
(tussen -40 en -30%) voor het BOC-gehalte en de BOC-stock. Enkel benadering 2, dat 
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gebaseerd is op de databank van het Departement Fytotechnie en Ecofysiologie, gaf een 
betere fit met de klassieke layer-based methode, die nog steeds de beste methode is om BOC-
stocks te berekenen. 
In Vlaamse graslanden onder landbouwuitbating, werd de totale BOC-stock (tot 1 m) voor 
1990 bepaald op 38031 kt OC en voor 2000 op 33695 kt OC. Deze afname in BOC-stock is 
deels te wijten aan een afname in oppervlakte grasland met 3% maar vooral te wijten aan een 
afname van de BOC-concentratie. Algemeen gezien was er een afname in het BOC-gehalte 
van 158 t OC ha-1 in 1990 naar 143 t OC ha-1 in 2000. Deze afname in %BOC (en BOC-
gehalte) tussen 1990 en 2000 was significant voor alle landbouwstreken, behalve voor de 
Polders en de Duinen waar de %BOC niet veranderde. Een koolstofflux in %OC jr-1 (tussen 
1990 en 2000) kon worden bepaald op -0,045 voor de Kempen, op -0,043 voor de 
Leemstreek, -0,031 voor de Zandleemstreek en op -0,030 voor de Vlaamse zandstreek. Een 
van de mogelijk verklaringen is de invoer van het Mestactieplan (MAP) maar dit actieplan 
kan niet alleen verantwoordelijk zijn voor deze afname. Het aandeel van tijdelijk grasland 
binnen de totale graslandoppervlakte in Vlaanderen verdubbelde tussen 1990 en 2000. Dit 
betekent dus dat ook meer tijdelijk grasland deel uitmaakt van de gemiddelde BOC-gehaltes 
en de totale BOC-stock. Door de significant lagere BOC-gehaltes onder tijdelijk grasland, 
vergeleken met permanent (zie Hoofdstuk 3), kunnen we verwachten dat het gemiddelde 
BOC-gehalte per landbouwstreek ook zal afnemen. Het potentieel van graslanden om een sink 
te worden in plaats van een source voor atmosferische CO2, veronderstelt het herstel van het 
graslandareaal samen met een toename van het BOC-gehalte in graslandbodems aan de hand 
van beheersopties die organisch materiaal in de bodem gaan opbouwen. 
De huidige totale BOC-stock tot een diepte van 1 m komt neer op 361 kt OC voor graslanden 
in natuurreservaten. Voor het Kyoto referentiejaar (1990) kon geen stock worden berekend 
omdat er voor 1990 geen data beschikbaar zijn. 
Om de BOC-stocks voor grazige bermen te kunnen berekenen, moest eerst de oppervlakte van 
wegbermen, water- en spoorbermen worden bepaald. De totale oppervlakte grazige bermen 
langs wegen, water- en spoorwegen komt neer op respectievelijk 7413 ha, 9542 ha en 1072 
ha. De totale BOC-stock voor grazige wegbermen was 1438 kt OC, voor grazige waterbermen 
1873 kt OC en voor grazige spoorbermen 209 kt OC. De totale oppervlakte grazige bermen in 
Vlaanderen komt neer op 8% van de oppervlakte grasland en op 10% van de totale stock. 
Toch is het potentieel voor bijkomende koolstofopslag en opname van atmosferische CO2 
door grazige bermen eerder beperkt. Enkel de bermen langs waterwegen tonen enig potentieel 
voor bijkomende koolstofopslag. 
De totale oppervlakte grazige vegetatie in de categorie ‘tuinen en parken’ werd geschat op 
9530 ha en voor de categorie ‘recreatiegebieden’ op 2360 ha. De stock voor de categorie 
‘tuinen en parken’ werd berekend op 1392 kt BOC en voor de categorie ‘recreatiegebieden’ 
op 346 kt BOC. De oppervlakte voor grazige vegetatie in urbaan gebied komt overeen met 
5% van de oppervlakte grasland en met 6% van de stock. Ook voor urbaan gebied is het 
moeilijk de koolstofopslag te bevorderen. 
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De onzekerheden bij het berekenen van SOC stocks in Vlaanderen zijn groot door de 
geschatte parameters en de geëxtrapoleerde gegevens. Bovendien kunnen er altijd ongewilde 
fouten optreden bij de staalname en is er een analysefout. Deze onzekerheden wijzen er 
opnieuw op dat er grote nood is aan completere BOC-gegevensbanken, zowel in de ruimte als 
in de diepte (tot op 1 m) zodat extrapolatie vermeden kan worden. 
 
 
In Hoofdstuk 4 worden de resultaten besproken van het veldexperiment opgestart op drie 
locaties. Dit experiment gaat na welke beheerspraktijken het grootste potentieel hebben om 
koolstof op te slaan onder grasland en onder bermen. 
Voor alle locaties, werden voor grasland onder landbouwuitbating hogere bovengrondse 
producties gevonden in de orde 0N<225N<450N. Drie sneden leidden tot significant hogere 
bovengrondse biomassa vergeleken met 5 en 7 sneden voor zowel de 225N als voor de 450N 
behandeling. De aanwezigheid van klaver had enkel een effect voor de 0N behandeling voor 
alle bodemtypes maar deze waarneming was niet significant. Voor de zandleemlocatie, was er 
ook een trend dat de invloed van het weghalen van het hooi verdween wanneer minder 
bemesting werd toegediend. Wanneer 450 eenheden stikstof werden toegediend, was de 
opbrengst in het algemeen groter wanneer het hooi werd verwijderd van de plots. Met 225N 
was de opbrengst gelijk en voor de 0N behandeling was de opbrengst hoger wanneer het hooi 
niet werd verwijderd van de plots. 
Naast grasland voor landbouwuitbating, werden ook bermen onderzocht. In Merelbeke 
(zandleem) was het aantal sneden de enige factor die invloed had op de opbrengst, met een 
significant hogere bovengrondse productie onder 2 sneden. Het grasmengsel en het al of niet 
verwijderen van het hooi hadden geen enkel statistisch effect. Ook in Geel (zand) en in 
Watervliet (klei), was het aantal sneden de enige factor die invloed had, met ook hier 
significant hogere bovengrondse productie met 2 sneden vergeleken met 1 snede per jaar. 
Oorspronkelijke en finale koolstofconcentraties voor grasland onder landbouwuitbating en 
voor bermen werden bepaald op alle drie de locaties. Na 3 jaar experiment, was er voor de 
plots onder landbouwuitbating een algemene toename in BOC-concentratie met 14% voor de 
zandleembodem. De toenames in BOC-concentratie in Geel (zand) waren klein. Gemiddeld 
was er een toename met 2% voor grasland onder landbouw. In Watervliet (klei) was de BOC-
concentratie gemiddeld 35% hoger vergeleken met de oorspronkelijke concentraties. De 
bermen toonden een significante relatieve toename van 20% voor de zandleembodem, en een 
niet significante toename van 4% voor de zandbodem en van 15% voor de kleibodem. 
Snelheden voor koolstofopslag, met de omschakeling van akkerland naar grasland, werden 
berekend. De laagste snelheid was voor de zandbodem (0.010 %OC jr-1, 0.144 t OC ha-1jr-1) 
en de hoogste voor de kleibodem (0.136 %OC yr-1, 1.877 t OC ha-1yr-1). Voor alle locaties 
was er geen statistisch effect van bodemtype wat betekent dat we niet kunnen besluiten dat, 
tijdens de duur van dit experiment, het ene bodemtype beter is in het opslaan van koolstof dan 
het andere. De hogere snelheden voor koolstofopslag in Merelbeke onder bermen vergeleken 
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met grasland voor landbouw waren te wijten aan de significant hogere wortelbiomassa onder 
bermen. Voor alle bodemtypes leidde het gebruik van bemesting niet tot hogere toenames in 
BOC-concentratie. De aanwezigheid van klaver had een trend (niet significant) voor hogere 
BOC-concentraties voor sommige behandelingen. Hoewel dit experiment over een korte 
periode liep, kunnen toch al enkele trends gevonden worden omtrent het effect van sommige 
factoren. Maar het was nog niet duidelijk welk beheer de beste keuze is voor koolstofopslag. 
Daarom moet de waarnemingsperiode worden verlengd en is verdere opvolging van het 
experiment noodzakelijk. 
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